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Abstract 
This thesis investigates, using finite element modelling and experimental investigation, 
the fracture of mesh reinforcement in composite floor slabs at elevated temperatures. 
The main objective of the research is the study of the bond strength between the welded 
mesh reinforcement and concrete at elevated temperatures, since this was found to be 
the principal behaviour that governs the fracture of the reinforcement in a composite 
floor slab. 
The experimental programme included steady state and transient pull-out tests carried 
out at temperatures varying from 20°C to 1000°C. However, unlike previous work, 
which concentrated on the bond of single bars, rectangular normal concrete prisms were 
constructed with one longitudinal bar, ensuring a bond length of 200 mm, and one 
transverse bar welded centrally. As a result, the influence of the weld of the mesh 
reinforcement in the bond strength between reinforcement and concrete was studied. 
The bond strength-slip-temperature relationship was obtained for various sized ribbed 
and plain bars. It was found that the 6, 7 and 8mm diameter ribbed mesh failed by 
fracture of the longitudinal bar at all temperatures, including ambient temperature. It 
was shown that the reduction of bond strength of ribbed mesh was similar to the 
reduction in strength of the bar, which together with the observed modes of failure, lead 
to the conclusion that ribbed mesh can be assumed to be fully bonded at all 
temperatures. The 10mm diameter ribbed mesh failed by splitting due to the cover-bar 
diameter ratio being small. In contrast, all the plain bars failed by fracture of the weld 
followed by pull-out of the bar. Therefore the correct bond stress-slip relationship 
should be modelled for smooth bars to accurately predict global structural behaviour. 
The investigation using finite element modelling utilizes the DIANA program. The 
incorporation by the author of the bond strength-slip-temperature relationship within the 
models permits a better prediction of fracture of the reinforcement in composite floor 
slabs. It has been shown that smooth bars are more beneficial since the bond is broken 
before fracture of the bar allowing strains to be distributed along the bar. In the case of 
ribbed bars the bond is such that localised strain will occur in the bar at crack locations 
leading quickly to fracture of the reinforcement. 
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1 CHAPTER 1 
INTRODUCTION 
 
 
 
1.1 Background 
In the UK the traditional, and still the most typical method, of ensuring sufficient 
strength and stiffness of steel framed structures during a fire is to apply some form of 
fire protection generally comprising board, spray or intumescent coating. The thickness 
of the protection is specified by manufacturers to ensure the steel does not exceed either 
550°C for columns or 620°C for beams supporting concrete slabs for a given fire 
resistance [ 1 ]. By adopting the prescriptive rule of ‘blindly’ applying fire protection to 
all exposed parts of the steel frame the designer does not consider the actual behaviour 
of the building during a fire. The consequence of the prescriptive approach is that the 
design factor-of-safety of the building during a fire is unknown and is explicitly 
assumed to be conservative. In addition the process of applying fire protection as a basic 
‘add-on’ means that the process cannot easily be incorporated into a holistic design 
approach, which is required to ensure the production of efficient buildings. 
 
Experience from real fires [ 2 ] in actual buildings and large-scale fire tests [ 3 ] has 
shown that the prescriptive approach of specifying applied fire protection to all exposed 
steel beams may not be necessary provided a composite slab (comprising metal deck, 
concrete and anti-crack mesh) is adopted as the flooring system. The fire tests carried 
out on the Cardington full-scale steel framed building in the UK revealed that 
membrane action of the composite floor slab supported the applied load as the 
unprotected steel beams lost strength and stiffness with increase in temperature.  
 
Moreover, the load carrying capacity of a composite slab analysed in the Cardington 
full-scale test was much higher than the prediction by the yield line method in fire 
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conditions [ 3 ]. Therefore, considering the effect of the membrane action in the design 
of composite slabs, the real response of these structures subjected to fire can be 
understood improving the development of the performance-based method in structural 
fire design 
 
Previous research [ 4 ] [ 5 ] [ 6 ] [ 7 ] has investigated the effect of the membrane action 
on the behaviour of concrete slabs at both ambient and elevated temperatures. 
Moreover, a simple design method has been developed by Bailey [ 8 ] to be used in the 
design of the composite slabs under fire conditions. However, studies of the fracture of 
reinforcement in composite floor slabs at elevated temperatures, when membrane action 
occurs, have not been conducted. Since the bond between the reinforcement and 
concrete is an important parameter affecting the fracture of the reinforcement, this 
research project investigates, both experimentally and theoretically, bond strengths at 
elevated temperatures 
1.2 Objectives of the Research 
The objective of the research project was to investigate, using finite element modelling 
and experimental tests, the fracture of reinforcement in composite floor slabs at elevated 
temperatures. The experimental investigation included steady-state and transient pull-
out tests carried out on specimens with ribbed and plain welded mesh at temperatures 
varying from 20°C to 1000°C. In the investigation using the finite element package, 
DIANA [ 9 ], the results obtained in the experimental programme were incorporated, 
via a subroutine developed by the author, in to the composite slab model.The model was 
used to investigate the effect of the bond on the behaviour of the composite slabs at 
ambient and elevated temperatures. These numerical results were validated against the 
Cardington corner fire test and BRE large scale-test [ 10 ]. 
1.3 Outline of the Thesis Chapters 
The Thesis is divided into nine chapters. The background discussion about structural 
fire design is the opening chapter. Chapter 3 and 4 present an overview about bond 
behaviour at ambient and elevated temperature. Chapter 5 and 6 describe the 
experimental programme and the experimental programme results, respectively. 
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Chapters 7 and 8 deal with the finite element modelling of the composite slabs (ambient 
and elevated temperatures). Finally a summary of all the conclusions from this research 
together with recommendations for further work is given in Chapter 9. 
 
2 CHAPTER 2 
STRUCTURAL FIRE DESIGN 
 
 
 
2.1 Design of Structures for Fire 
The fire resistance of a structural element measures its ability to resist fire. For a 
building to be considered safe the fire resistance of the element must be greater than the 
calculated fire severity [ 11 ] 
 
Fire Resistance > Fire Severity 2. 1 
 
In terms of fire resistance, to determine if the condition in (2. 1) is satisfied, three 
variables can be used: time, temperature or strength. Traditionally time has been used to 
establish whether a structural element has sufficient fire resistance. In the case where 
the time to failure of a structural element is greater than the fire duration, the structure is 
considered to be safe. Alternatively, the fire resistance can be determined by the 
temperature of a structural element, if this temperature is maintained below a certain 
limit the structural fire resistance is ensured. Considering the strength; the evaluation of 
the element strength guarantees that during the fire the load capacity of the member is 
greater than the applied load.  
 
The fire severity will depend mainly on the fire load, the compartment geometry and the 
available ventilation. 
 
Traditionally the fire resistance rating has been determined through standard fire tests; 
however, modern design codes [ 12 ] may allow alternative methods based on existing 
test results or calculation methods. 
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2.2 The Fire Resistance Test 
The British Fire Prevention Committee was the first to propose a standard method that 
was widely accepted by the testing community. The standard was published in 1903 and 
it consisted of only one table specifying the test length and the minimum length of test 
for three classes of required fire endurance. [ 13 ]. Fire resistance testing currently used 
is presented in the BS EN 13381 [ 14 ]. Tests are carried out in a furnace with the 
temperature controlled by the rate of fuel supply. Over the duration of the test the rate of 
fuel supply is altered so that the temperature-time curve follows that of the standard fire 
curve shown in Equation (2. 2) and Figure 2 - 1, with T the mean temperature (ºC) of 
the furnace and t the time of the specimen being heated (min). 
 
( )18log34520 10 ++= tT  2. 2 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - 1 Temperature–Time relationship for standard fire test 
 
The standard fire test measures the fire resistance of the structural element in terms of 
three criteria: load, insulation, and integrity. 
 
For the load carrying capacity, there are two possible modes of load bearing failure: the 
maximum deflection of the horizontal elements exceeds L/20 or when the deflection 
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reaches L/30 and, the rate of change of deflection exceeds L2 /d (where L is the length 
of the element being tested and d is the depth). Considering the insulation, the 
temperature rise on the unexposed surface of the element should be less than an average 
of 140 ºC or a maximum of 180 ºC at any point. The integrity of the element is 
maintained when the flames and hot gases cannot pass through cracks, that may occur, 
igniting a combustible material on the unexposed side 
 
The standard fire test is a simple experimental method to establish the fire resistance of 
an element; however, there are several limitations to be considered. In terms of the 
temperature-time curve, the representation of real natural fire conditions is not correctly 
characterized. The temperature of the standard test increases continuously with time 
whereas in a real natural fire the temperature increases up to a maximum and decreases 
at the decay phase. Figure 2 - 2 shows the development of real natural fire which can be 
divided into six phases. In the first two phases (incipient and growth phase) the heating 
of potential fuel occurs followed by the beginning of fire development; at the growth 
phase the fire is small and is restricted to small areas of the compartment. With 
sufficient fire load and air supply the fire will grow larger and the flashover phase may 
develop. The flashover phase occurs when the fire spreads to all the available unburned 
combustible materials within the compartment due to the the radiation from the burning 
flame and the hot smoke.After the flashover, at the full developed phase, the rate of heat 
release reaching the maximum and the burning rate remaining substantially steady. 
After a period of continued burning, the combustible materials is consumed and the fire 
enters the decay phase, followed by the fire cease. 
 
 
 
 
 
 
 
 
 
Figure 2 - 2 Natural Fire Curve 
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Another disadvantage of the standard fire test is the fact that only individual elements or 
connections can be tested, therefore the behavour of structural assemblies that would 
allow the effect of interaction between sets of elements and their boundary conditions 
cannot be studied. This is significantly limiting since a small amount of restraint has a 
significant effect on the structural response of a single structural element exposed to fire 
[ 15 ]. 
 
Traditionally used prescriptive methods for structural fire safety design are based on the 
results of fire resistance testing of single structural elements. They do not consider the 
complex interactions that occur between elements in a real building or alternative 
loading that occur due to thermal stresses. Using these methods it is impossible to 
quantify the actual level of fire safety in any building. 
 
Moreover, full-scale fire tests [ 3 ] have shown that the behaviour of composite steel-
framed buildings in fire is dominated by restraint to thermal strains and the amount of 
applied load and material softening from heating does not significantly affect the 
response until close to failure. The large deflections generated by thermal strains 
produced a deflected shape in the floor slab which could efficiently transfer load away 
from the fire affected part of the structure through membrane action. This consisted of 
tensile membrane action in the centre of the slab and compressive membrane action at 
the edges (often referred as the compressive “ring”). Therefore, to realistically represent 
the structural behaviour of a steel frame building in fire it is necessary to consider the 
effect of the membrane action within the floor slab. 
2.3 Behaviour of Composite Steel Framed Structures in Fire 
2.3.1 Real Building Fire 
2.3.1.1 Broadgate Phase 8 
The Broadgate development was a typical office structure in London consisting of a 
steel frame with composite concrete floor slabs [ 15 ]. During construction a fire 
initiated in a site hut on the first level of the building. The building was designed for a 
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fire resistance period of 90 minutes, however as construction was unfinished the passive 
fire protection had not been applied whilst the sprinkler system and active fire 
protection were not yet operational and there was no load on the structure except the 
dead load The fire lasted for four and a half hours and for two hours the temperatures 
reached over 1000ºC. 
 
Tests carried out after the fire revealed that there was no significant loss of strength in 
any of the structural elements. However, there were large deflections with columns 
shortening by up to 100mm and some floor areas with permanent deflections of 600mm. 
Moreover, failure of the reinforcing bars and de-bonding of the steel deck in ceratin 
areas was observed. Despite all of this, there was no structural failure and the floor slab 
integrity was maintained. 
2.3.1.2 Churchill Plaza 
The Mercantile Credit Insurance Building in Churchill Plaza, Basingstoke, was a 
twelve-storey structure with a fire resistance period of 90 minutes [ 16 ]. The composite 
floor beams had spray applied protection, the columns had passive fire protection in the 
form of boarding and no protection had been applied to the bottom of the composite 
floor system.  
 
In 1991 a fire started on the eighth floor, as the glazing in the building failed the fire 
spread to the tenth storey. After the fire there was no permanent deformation of the steel 
frame. As in the Broadgate fire, the steel decking had de-bonded from the concrete in 
the composite floor. Moreover, the worst affected area of the floor was load tested and 
shown to have suficient strength and that no repairs would be needed. 
2.3.2 Composite Slabs Incorporating Membrane Behaviour 
The traditional methods consider that concrete slabs carry load through bending using 
small-deflection theory. The yield-line method is one such method and is typical in that 
it considers moments and shears and assumes that there are no membrane forces in the 
slab. In fact membrane forces will always exist and, in general, they increase the slab 
load carrying capacity. Membrane enhancement in slabs takes two forms: compressive 
Load on  
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membrane action and tensile membrane action. Their development is dependent on the 
degree of restraint along the slab boundaries. Figure 2 - 3 shows the load-deflection 
behaviour of both a simply-supported and a laterally-restrained slab. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - 3 Load-deflection Relationship of Concrete Slabs 
 
If the slab deflection is less than its depth, compressive membrane forces rapidly 
develop when a slab has lateral restraint to horizontal movement. As the slab deflects its 
edges try to move out and, as there is lateral restraint, this movement is prevented 
generating compressive forces in an arching action between opposite supports. This 
compressive membrane force allows the slab to carry a load considerably greater than 
that predicted by the yield-line theory, as shown in Figure 2 - 3. Beyond the point of 
peak load under compressive membrane action the capacity temporarily decreases as the 
compressive forces reduce. This reduction could cause a sudden increase of deflection 
as the slab `snaps through'. Therefore, compression membrane action is considered an 
unstable mechanism with increasing displacement and even with the improvement of 
the load capacity of the slab, its use is restricted to floor slabs at small deflection.  
 
Tensile membrane action is a more stable load carrying mechanism. At suffciently large 
deflection full depth cracks will have developed through the slab, therefore, the load 
must be carried through tensile forces in the reinforcing bars. If the slab is laterally 
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restrained the force is transmitted to the boundary (Figure 2 - 4). Failure of the slab 
occurs when the reinforcement ruptures due to large mechanical strains. Tensile 
membrane action will only occur where the deflections are large, i.e. in strips in the 
centre of the slab. Where deflections are low, around the edges of the slab, compressive 
membrane action will occur. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - 4 Tensile membrane Forces in a Laterally Restrained Concrete Slab 
 
Simply supported slabs can carry load through tensile membrane action, since they are 
not able to develop compressive membrane action. The restraint to the tensile forces in 
the reinforcement comes through the formation of a `compressive ring' as the edges of 
the slab try to pull in. Figure 2 - 5 shows the position of the ring around the boundary of 
the slab. 
 
 
 
 
 
 
 
 
 
Figure 2 - 5 Tensile Membrane Forces in a Simply Supported Concrete Slab 
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Figure 2 - 3 shows that, due to the difference in lateral restraint, the load capacity of the 
laterally restrained slab is larger than that of the simply supported slab, due to the 
redistribution of the load to the boundary. 
 
Many researchers have studied the membrane behaviour of slabs and proposed methods 
for determining their load capacity [ 8 ] [ 17] [ 18 ] [ 19 ]. However, these methods are 
not suitable for designing slabs for ambient conditions, since the deflection necessary 
for a slab to develop tensile membrane action would not allow serviceability 
requirements to be satisfied.  
 
When designing for fire the large deflections necessary to develop tensile membrane 
action are not a problem. Since fire is an accidental state, it is not necessary to attend  
the serviceability requirements. This has led a number of researchers to develop design 
methods for slabs in fire which incorporate tensile membrane action.  
 
As for ambient temperatures, the load carrying capacity of a composite slab in fire is 
much higher than the prediction by the yield line method. When the beams lose a 
significant amount of bending resistance due to the increase of temperature, bridging 
action and tensile membrane action develop in the floor slab, as shown in Figure 2 - 6. 
 
 
 
 
 
 
 
 
 
Figure 2 - 6 Bridging Action 
 
The continual increase of the deflection with the temperature causes large hogging 
moments at the perimeter of fire compartment which generates large cracks and fracture 
of reinforcement at this position. Due to the combination of membrane and bending 
Heated Beam 
Heated Beam 
Bridging action by bending 
resistance of slab Bridging action by tensile membrane 
action of reinforcement 
Chapter 2: Structural Fire Design 
 
 26
effect, the fracture of the reinforcement at the perimeter of the slab happens before the 
fracture of the reinforcement at the slab centre. When the reinforcement fractures 
around the perimeter of the compartment, the slab becomes horizontally unrestrained 
consequently the tensile membrane action in the centre surrounded by a compressive 
membrane ring will occur. Therefore, the fracture of the reinforcement is an important 
aspect affecting the membrane action, moreover the bond between the concrete and the 
bars will directly influence this fracture. 
 
 
 
3 CHAPTER 3 
BOND BEHAVIOUR 
 
 
 
3.1 Bond Behaviour at Ambient Temperature 
The bond between a steel reinforcing bar and concrete is a mechanism which allows the 
forces to be transferred from the reinforcement to the surrounding concrete in a 
reinforced concrete structure. This transfer allows the force acting in a reinforcing bar to 
change along its length, and in the concrete embedment.  
 
In locations where the steel strains vary from the concrete strains, a relative 
displacement (slip) between the steel and the concrete occurs. Therefore, the bond 
characteristic of bars is commonly described by the relationship between local bond 
stress and the relative displacement (slip) of the bar. Moreover, bond stress-slip 
relationship may be considered as a representation of the overall behaviour of steel bar 
and concrete at the bar concrete interface. [ 20 ] [ 21 ] [ 22 ] 
3.1.1 Bond Mechanism at Ambiente Temperature 
The bond between steel and concrete consists of three mechanisms: adhesion, friction 
and mechanical interlock. The effect of chemical adhesion is small and friction forces 
do not develop until adhesion has failed and relative displacement between the 
reinforcement bar and concrete occurs. 
 
Bond for plain bars depends mainly upon chemical adhesion and after slip upon friction. 
There is also some possible interlocking due to the roughness of the bar surface. For 
deformed bars, the mechanical interlock of the ribs of the bars embedded in concrete is 
the principal mechanism to govern the bond stress-slip behaviour.[ 23 ] [ 24 ] 
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According to FIB Bulletin [ 22 ], the bond behaviour can be characterized by four 
stages, shown in Figure 3 - 1 and described below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 1 Local Bond-stress Law [ 22 ] 
 
Stage I (uncracked concrete): for low bond stress values, τ ≤ τ1, bond is guaranteed 
mostly by chemical adhesion, and no slip of the reinforcement occurs, nevertheless 
highly localized stresses arise close to rib tips in deformed bars.  
 
Some micromechanical interaction associated with the microscopically rough steel 
surface can be observed. However, chemical adhesion and micromechanical interlocks 
have a minor importance in bond performance, as confirmed by the low bond 
performance of plain bars. [ 22 ] 
 
Stage II (first cracking): for higher bond stress values (τ > τ1), the chemical adhesion 
breaks down; in deformed bars the ribs induce large bearing stresses in the concrete and 
transverse microcracks originate at the tips of the ribs allowing the bar to slip, but the 
wedging action of the ribs remains limited and there is no concrete splitting. [ 22 ] 
 
Stage III: for even higher bond stress values, τ > τ2, the longitudinal cracks spread 
radially, caused by the wedging action which is enhanced by the crushed concrete stuck 
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to the front of the ribs. The resultant compressive forces exerted by the ribs, spread into 
the surrounding concrete at a certain angle. These inclined forces are balanced against a 
ring of tension forces in the concrete around the bar, as shown in Figure 3 - 2.  
 
 
 
 
 
 
 
 
Figure 3 - 2 Bond Forces Balanced Against Tensile Stress Rigs [ 27 ] 
 
As a result, the concrete exerts a confinement action on the bar. This configuration of 
stresses represents the instant before failure, and the bond strength and stiffness are 
dependent on the reinforcement interlocking, the concrete struts radiating from the bar 
and the undamaged outer ring. [ 22 ] [ 25 ] [ 26 ] [ 27 ] 
 
Stage IVa: for plain bars. This stage happens immediately after the breakage of 
adhesive bond, which represents a peak in Figure 3 - 1. After this peak, force transfer is 
provided by friction and is strongly affected by the transverse pressure, concrete shrinkage 
and bar roughness friction. [ 22 ] 
 
Stage IVb: for ribbed bars with light to medium transverse reinforcement. The stage III 
ends when longitudinal cracks (splitting cracks) break out the outer surface of the 
concrete member (τ3) and in the case where no transverse reinforcement is present, the 
failure of the bond is abrupt. However, if a sufficient amount of transverse reinforcement is 
provided, the bond efficiency is assured in spite of concrete splitting, owing to the 
confinement action developed by the reinforcement.  
 
Stage IVc: for ribbed bars with heavy transverse reinforcement or large concrete cover, 
where bond failure is caused by bar pull-out. In a pull-out failure, the concrete between 
α 
α
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the bar deformations is sheared from the surrounding concrete. Therefore, the bond 
strength for a pull-out failure depends on the strength of concrete in the direct shear. 
3.1.2 Factors Affecting Bond Behaviour 
The bond stress-slip relationship is considered as a representation of the overall 
behaviour of the steel bar and concrete at the bar concrete interface. As a result, the 
bond quality depends on a variety of factors and parameters, which refer to the 
reinforcement, concrete, and the relationship between them. Such as: bar geometry, 
concrete quality, concrete cover, space between bars, number of bar layers, concrete and 
bar state of stress, and casting direction in relation to bar orientation. [ 20 ] [ 21 ] [ 28 ] 
3.1.2.1 Reinforcing: 
Influence of Bar Type 
As previously mentioned, the mechanism of bond in plain bars is governed first by 
adhesion and then by sliding resistance between the steel and concrete. However, for 
ribbed bars the bond stress is principally caused by the bearing of the ribs against the 
concrete. Even though a plain bar has enough surface roughness to guarantee some 
minimum adhesion, higher bond stress can only be reached with well optimised ribs. [ 
22 ] [ 29 ] 
 
Kankam [ 29 ] studied the bond behaviour of 25 mm diameter plain bar, cold-worked 
ribbed bar and hot rolled ribbed bar. Figure 3 - 3 shows the average bond stress plotted 
against total slip for the studied bars. 
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Figure 3 - 3 Influence of the Bar Type [ 29 ] 
 
It can be noted that, as expected, the maximum average bond stress developed by the 
plain round bar was smaller than the stress developed by the ribbed bars.  
 
Figure 3 - 3 shows that for the same average bond stress the hot-rolled bar presented 
greater slip than the cold-worked bar. This could be due to the different bar geometry 
which will be discussed in the next section. 
 
Mo and Chan [ 30 ] also studied the effect of the bar type on the overall bond behaviour. 
They conducted pull-out tests on 12.7 mm diameter plain and ribbed bars with a 120mm 
embedded length. The results show similar behaviour as that reported by Kankam [ 29 ], 
i.e. the bond strength of plain bars is much lower than that of deformed bars. 
Influence of Bar Size  
To observe the influence of the bar size on the bond behaviour the type of bar has to be 
taken into account [ 32 ]. Mo and Chan [ 30 ] conducted pull-out test using plain bars 
concluding that the maximum bond stress increases when the bar size is changed from 
12 to 16 mm diameter. 
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However, when ribbed bars were submitted to pull-out test, Kankam [ 29 ] observed that 
the average bond stress decreases with the increase of the bar size when 16, 20 and 25 
mm diameter bars were considered.  
 
Similar results were found by Mathey and Watstein [ 33 ] in which pull-out tests were 
conducted using 12 and 25 mm diameter ribbed bars. For a given bond length diameter 
ratio, the bond strength was found to decrease with an increase in the bar diameter. 
 
The decrease of the bond strength with the increase in the ribbed bar diameter was also 
observed by Walker et al. [ 31 ]. They carried out pull-out tests with specimens 
constructed utilizing different concrete strengths and 8, 12 and 16 mm diameter ribbed 
bars. Figure 3 - 4 shows the effect of the bar size on the bond stress ratio where: 
cu
bo
f
f
 
is the bond stress ratio; fbo is the measured ultimate bond stress; and fcu is the measured 
cube strength of the concrete. 
 
 
 
 
 
 
 
 
 
Figure 3 - 4 Relationship of Bond Stress Ratio and Bar Diameter [ 31 ] 
 
It can be seen from Figure 3 - 4, that for lower strength concrete the bond ratio is 
approximately constant with different bar size, and decreases with increases of the bar 
diameter for higher strength concrete. 
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Influence of Bar Geometry 
Bar geometry is the most important aspect that influences the bond behaviour and 
determines the bond strength when ribbed bars are considered. With concern to the bar 
geometry, the height of the ribs and their spacing are the parameters that governs the 
bond resistance. [ 22 ] 
 
To combine the both parameters (height of the ribs and their spacing) and describe the 
influence of the bar geometry on the bond behaviour, a coefficient has been proposed 
known as the relative rib area fr [ 20 ]: 
 
Rb
R
R
sd
Af
⋅⋅
=
pi
 
3. 1 
where: fr is defined as the quotient of the axial projected area of the rib and the 
circumferential area of the bar. AR is the area of the projection of a single rib, sR is the 
rib spacing, and db is the bar diameter.[ 20 ] 
 
Rehm [ 20 ] has found that bond strength varies linearly with fR. However, Darwin and 
Graham [ 35 ] carried out studies on highly-confined beam tests leading to contradictory 
conclusions, in which relative rib area did not affect bond behavior. Therefore, the 
confinement is an important aspect to be considered in the bond between ribbed bars 
and concrete. 
Influence of Reinforcement Stress 
For ribbed bars, as long as the steel is the elastic range, the effect of steel stress is small. 
However, in the yielding stage the bond mechanism is affected, causing a non-linear 
descending branch in the bond-slip relationship. Figure 3 - 1 showed the state II and III 
in which ribs induce large bearing stresses in the concrete. Due to the contraction of the 
steel bar, caused by the yielding process, the resultant compressive forces exerted by the 
ribs may decrease; consequently the contribution from macro friction will be reduced. 
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Therefore, at the elastic range the influence of the steel stress on the bond behaviour is 
small; however, at the inelastic range, the yield process causes a reduction in bond 
strength. [ 22 ] 
3.1.2.2 Concrete 
Influence of Concrete Strength 
The bond behaviour is particularly influenced by concrete quality. For ribbed bars, the 
bond mechanism results from pressure underneath the ribs, which is directly related to 
the shear component of the interface forces; therefore the bond behaviour will depend 
on both the compression and the tensile strength of concrete. For this reason, Rehm G.[ 
20 ] and Reynolds G.C [ 27 ] suggested that the bond can be considered to be 
proportional to the square root of the compressive strength, which is also proportional to 
the tensile strength of the concrete. 
 
Figure 3 - 5 shows the influence of concrete strength on the average bond stress of 
ribbed bars. Kankam [ 29 ] used two different concrete grades, 53 N/mm2 and 31 
N/mm2, and a 20 mm diameter ribbed bar in the pull-out test specimens. 
 
The results illustrate that the higher strength concrete specimens obtained a greater bond 
stress at high slip. However, the average bond stress for low values of slip presented 
little difference; indicating that the initial tangent modulus may be independent of the 
concrete strength. Once the bar developed significant movement in relation to the 
concrete, the bearing stresses due to the wedging of the bar lugs were generated; 
therefore the strength of concrete should be expected to significantly influence the bond 
behaviour. 
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Figure 3 - 5 The Influence of the Concrete Strength on the Bond Behaviour [ 29 ] 
 
For plain bars, where the mechanism of bond is governed principally by adhesion and 
friction, the concrete strength is fundamental. Mo and Chan [ 30 ] examined the 
concrete compressive strength on the bond properties when different concrete grades 
were applied in the specimens subjected to pull-out tests. 
 
Figure 3 - 6 shows that the bond properties were improved with increasing the concrete 
strength, since higher concrete strength provides higher adhesion and friction force. 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 6 The Effect of the Concrete Strength on the Bond Behaviour [ 30 ] 
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Influence of Concrete Stress State 
The bond action is directly affected by the stress state in the concrete surrounding a bar. 
Moreover, the type of force (compression or tensile) causes opposite consequences on 
bond properties. Considering the effect of transverse tensile forces, the splitting failure 
gets worse and a pull-out failure may even turn into a splitting failure due to these 
forces. 
 
In case of transverse compressive forces, depending on the case, the bond action is 
improved. In active confinement the compressive forces are always beneficial; however, 
when large cover values are used when friction is relevant, the compressive forces are 
almost insignificant. In passive confinement only after the development of a certain 
amount of crack slip, and opening, are the compressive forces activated. [ 22 ]  
Influence of Casting Position 
The location of the bars within the fresh concrete and the orientation of the bar relative 
to the direction the concrete is cast, are important factors that influence the bond 
strength. During the concrete placement two processes occur, sedimentation and 
settlement, which are affected by the presence and position of the bars. 
 
Due to occurrence of voids formed by water micro bubbles underneath the bar, the bond 
performance of bars placed perpendicularly to the casting direction are worse than the 
bars placed in the same direction as casting. [ 36 ] 
 
Mensel [ 37 ] conducted pull-out tests to determine the influence of the concrete 
thickness below and along deformed bars. The results showed that the bond resistance is 
reduced as the depth of concrete under the bar is increased since the settlement of the 
concrete under the bar during placing is also increased. 
 
In addition, Mensel [ 37 ] studied the influence of the position of the bar in relation to 
the cast direction. The best performance was observed for vertical bars pulled against 
the direction of casting, and the poorest performance for vertical bars pulled in the 
direction of casting 
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In summary, bond performances are best in horizontal bars placed close to the bottom of 
the formwork, and in vertical bars loaded against the casting direction  
Influence of Concrete Cover 
For a given type of bar, the concrete cover/bar diameter ratio is the main parameter that 
governs the type of bond failure. As mentioned before, plain bars normally present pull-
out failure; once the adhesion and friction mechanisms are lost. However, if the 
cover/bar diameter ratio is small (less that 1.0), splitting failure may occur.  
 
On the other hand, for ribbed bars, if the cover/bar diameter ratio is large, or substantial 
quantities of transverse reinforcement are provided, then the failure occurs by pull-out 
of the bar. [ 38 ]. 
 
Tepfers [ 39 ] considered a partly cracked elastic cylinder to represent the formation of 
cover cracks, as shown in Figure 3 - 7. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 7 Partly cracked cylinder [ 39 ] 
 
Cracks extend from the bar surface at a radius r1 to a limited distance into the cylinder 
to a surface radius r2. If p1 is the internal pressure at radius r1 then, because the internal 
force is constant, p1r1=p2r2. Therefore, the maximum tensile stress in the uncracked part 
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of the cylinder can be found as a function of p1. Assuming this tensile stress is equal to 
the tensile strength of the concrete for the cover/diameter (c/d) >= 0.53, the initial 
cracks will not penetrate the cover. Consequently the partially cracked cylinder can 
exist. For c/d>= 0.53, the failure occurs at a maximum value of p1. 
 
In terms of cover size, considering the same diameter bar, the bond strength increases 
with increasing cover [ 32 ] 
3.1.3 The Effect of Bond on Structural Behaviour 
Bond action is necessary not only to guarantee appropriate safety of the reinforced 
concrete structures, by allowing concrete and steel to work together, but also to control 
the structural behaviour, by providing an adequate level of ductility. 
 
In terms of safety, high bond strength is beneficial, since it provides good mechanical 
properties at the local level. However, paradoxically, good bond behaviour decreases 
the ductility of the structures, reducing the possibilities of alternative load paths and the 
ability to redistribute internal actions as the collapse load is approached.  
 
The main factor that affects the reduction of ductility in reinforced concrete is a 
phenomenon of strain localization, in which, just before the steel fractures, a significant 
increase in local steel strain on a cracked section occurs at the ultimate limit state  
 
Composite concrete slabs are commonly designed utilizing welded wire mesh as an 
anti-crack reinforcement. The welded wire mesh is manufactured by welding ribbed 
cold-worked wires into an orthogonal grid or mesh, presenting excellent bond 
characteristics and higher strength than the plain round wire mesh previously used in 
composite concrete slabs. However, this improvement in strength and bond obtained in 
ribbed welded mesh also causes strain localization and a reduction in ductility. As a 
result, when ribbed welded meshes are used the deflection of the slab just before failure 
is smaller and, with the fracture of the tensile steel, the failure mode is sudden and 
catastrophic. [ 22 ] [ 40 ] [ 41 ] 
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Gilbert and Smith [ 40 ] [ 41 ] tested eight reinforced concrete slabs to failure to analyze 
the effect of strain localization on the rotational capacity and ductility of the slabs. Five 
were simply supported over a span of 3500 mm (S1, S2, S3, S7 and S8) and three were 
two-way spanning, which a span with 1750 mm (S4, S5 and S6). All specimens were 
formed by rectangular sections with width of 850 mm and depth of 110 mm (or 160 mm 
in the case of S7) and reinforced with welded wire mesh with 6.0, 7.6 and 9.5 mm 
diameter, or in case of S8 12mm ribbed bars. 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 8 Moment versus deflection at mid-span. [ 41 ] 
 
Figure 3 - 8 shows the test results of the slabs S2 and S7, which were reinforced using 
welded wire mesh with diameters of 7.6 mm at 200mm centres each way, and slab S8 
reinforced with 12 mm diameter deformed bar. 
 
Gilbert and Smith [ 40 ] [ 41 ]  found that the slabs S2 and S7, constructed with welded 
mesh reinforcement, failed in brittle manner, i.e. sudden collapse caused by fracture of 
the tensile steel at midspan. Relatively small deflections were generated, without any 
evidence of crushing of the compressive concrete. Althougth the mode of failure of the 
slabs S2 and S7 are analogous, the order of magnitude of the midspan moment – 
deflection differs according to the the depth of the slabs S2 and S7 (110 mm and 160 
respectively). 
 
The slab S8, however, failed in a ductile manner, with yielding of the reinforcement at 
midspan, followed by large plastic deformations and, crushing of the compressive 
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concrete in the top. The slab presented excessive deflection as the ultimate load was 
approached and, at the end of the test, the slab was still carrying close to its peak load, 
without fracture of the reinforcement and the collapse of slab. 
 
Considering the tests results, Gilbert [ 40 ] [ 41 ] concluded that the excellent bond 
characteristics of welded wire mesh, used in the slabs S2 and S7, caused strain 
localization reducing the ductility and, as a consequence, the slabs failed in brittle 
manner. In contrast, the slab S8 presented large plastic deformations and ductile failure 
due to the use of bars (instead of welded wire mesh) which reduced the bond strength, 
avoiding strain localization. Therefore, the enhancement on the bond strength induces 
strain localization reducing the ductility of the lightly reinforced slabs. 
 
Another important aspect pointed out by the author [ 40 ] [ 41 ], was that slabs are 
assumed to have uniform properties and uniformly distributed load and are often 
reinforced according to a distribution of actions calculated from elastic analysis. In 
addition the design is based on the ductility of individual regions and capacity of plastic 
hinges to be formed and to carry on large deformations while maintaining their load 
carrying capacity. However, when low ductility reinforcement is considered the plastic 
deformation in the reinforcing steel, as the ultimate load is approached, is confined to a 
very small length of bar resulting in a small deformation of the member. Therefore, 
even though the critical cross-section is ductile, the localization of deformation at each 
crack results in non-ductile behaviour of the entire member. 
3.1.4 Testing 
The method of testing to be adopted depends on the aspect of bond behaviour to be 
evaluated. There are bond tests designed to understand the mechanism involved in 
bonding, the parameters that affect bond and their order of magnitude. 
 
Once the bond mechanism and the parameters affecting it are identified, testing methods 
focus on more specific details. These tests are generally conducted in a portion of an 
embedded bar, and not in the entire anchorage or splice length. Local bond stress/ slip is a 
typical example of this type of test. 
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3.1.4.1 Short Specimens 
Short specimens (l/φ ≤ 5) are tested to simulate a uniform distribution of the bond stress 
along a single bar; therefore, the bond stress-displacement curves, representing the local 
bond-slip law, are obtained. Testing on short specimens are also designed in terms of 
the type of bond failure, i.e. splitting or pull-out test.  
Pull-out test 
As mentioned before, the pull-out failure is characterized by the removal of the bar with 
the surrounding concrete left intact. However, only in laboratory tests a purely pull-out 
failure can be observed, since in real structures some splitting of the concrete is 
expected.  
 
The main characteristics of a bond test, to obtain pull-out failure, are high confinement 
and/or large concrete cover causing, consequently, the removal the bar from the 
surrounding concrete. 
 
Rehm [ 20 ] conducted pull-out tests on a very short bar embedded length, equal to the 
rib spacing for deformed bars and the bar diameter for plain bars. The relationship 
between the local bond stress and the local displacement, were directly measured on the 
test showed in Figure 3 - 9 
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Figure 3 - 9 Rehm Test Set-up [ 20 ] 
 
Although Rehm’s [ 20 ] test set-up has been used by many authors, the friction between 
the specimen and the bearing plate, in addition to deflection of the bearing plate in the 
central region when the load is applied, were considered disadvantages of the method. 
 
In the RILEM/CEB/FIP recommendation [ 42 ] a 10d x 10d x 10d concrete cube (where 
d is the bar diameter) with a bar incorporated in its axis is submit to a pull-out test, 
Figure 3 - 10. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 10 RILEM/CEB/FIB Pull-out Test [ 42 ] 
Region  
Investigated 
No  
Bond 
Applied Load 
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To reduce the influence of the disturbed area that forms close to the bearing plate, the 
bond length height is half of the cube with the other half without adhesion. Therefore, 
the disadvantages presented in the Rehm [ 20 ] method are overcome. 
 
Mo and Chan [ 30 ] conducted pull-out tests following the a procedure similar to ASTM 
C234 ( ASTM 1988 ), shown in Figure 3 - 11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 11 Mo and Chan Test Set-up[ 30 ] 
 
The bars were pulled out of the concrete cylinders which were reacted against a 13 mm-
thick steel plate with a 25 mm hole in centre. The steel plate was supported against the 
moving platen of the testing machine as the bar passed through the hole and was 
anchored in the fixed platen.  
 
Bar displacements were measured on the surface of the bar at a predetermined distance 
from the surface of the concrete cylinder. Since the load and the displacement were 
measured at the same end, the slip of the bar in relation to the surround concrete was 
obtained as follows: 
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BarTotalSlip δδδ −=
 
3. 2 
 
where: δTotal is the displacement measured in the test, δBar is the bar elongation and δSlip 
is slip of the bar in relation to the concrete. 
 
Kankam [ 29 ] [ 45 ] conducted tests on double pull-out concrete prisms reinforced with 
steel bars that had been fitted with transverse anchor bars at their centre, (Figure 3 - 12). 
The method provides data to establish a relationship between the average bond stress, 
maximum steel stress and the total slip of the reinforcing bar.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 12 Double Pull-out Test Set-up [ 29 ][ 45 ] 
 
The load was applied incrementally to each free end of the bar followed by 
measurement of the overall elongation of the bar relative to the surrounding concrete.  
 
Dial gauges were used to measure the extension of the small length of free bar between 
the concrete face and the reference point in the bar; therefore, the deformation of the bar 
was determined. 
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Splitting test 
The splitting bond failure is described as the breakdown of the concrete cover caused by 
radial cracks induced by internal forces, as mention in Section  3.1.1. This mode of 
failure depends on a variety of factors, such as confining pressure, concrete cover and 
transverse reinforcement. Therefore, the specimens used in the bond test to simulate the 
reduction of bond strength and stiffness are unsplit (i.e. solid) and present no 
confinement and/or very limited cover 
 
However, splitting may be caused by other factors than the actual loading, such as bar 
corrosion, concrete shrinkage; hence, pre-split specimens are used to represent bond 
behavior after concrete splitting. 
 
Tepfers [ 25 ] carried out pull-out tests to analyse the state of stress in the concrete due 
to bond forces from deformed reinforcing bars. Figure 3 - 13 shows the concrete ring 
model developed for determination of the cracking resistance of the concrete cover. The 
specimens had a short bond length and the bond stress were considered evenly 
distributed along the length 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 13 Tepfer Concrete Ring Model [ 25 ] 
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The average strains were measured at the concrete surface, allowing the bond stress-slip 
relationship to be determined. 
 
Chana [ 38 ] carried out a test method to determine the bond strength of reinforcement. 
The test was constituted by a rectangular concrete prism in which parallel bars were cast 
close to the four corners, as shown in Figure 3 - 14.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 14 Chana Four Corners Specimen [ 38 ] 
 
This type of specimen allowed the bond strength to be directly compared for both a top 
cast and bottom cast condition; moreover, each of the four bars can be pulled-out giving 
four test results. 
 
Figure 3 - 15 shows the test arrangement. A plastic sleeve was placed over the end of 
the bar to guarantee that the bond strength was not increased by the reactive force 
caused by the restraint. Each bar was loaded to failure which was defined as the 
maximum load achieved with the development of cracking.  
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Figure 3 - 15 Chana Test Set-up [ 38 ] 
 
To evaluate the bond behaviour when other aspects, not only the load, causes the 
splitting failure, Gamborova and Rosati [ 46 ] conducted bond tests using a pre-split 
specimen shown in Figure 3 - 16. The specimens have an artificial “splitting” crack 
obtained by placing separators in the formwork, alongside the bar, before concreting. 
 
 
 
 
 
 
 
 
 
Figure 3 - 16 Presplit Specimen Used by Gamborova and Rosati [ 46 ] 
 
The bond tests were carried out by forcing the crack opening to remain constant 
throughout the whole loading process. As a result, bond- and confinement-stress curves 
as a function of bar slip were obtained. 
3.1.4.2 Long Specimens 
In long specimens, with usually l/φ > 10, the distribution of strain of the reinforcement, and 
therefore, the bond overall behaviour can be evaluated. 
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Beam test 
This category of bond test comprises specimens which represent the structural situation 
as closely as possible. Therefore, the beam is the most appropriate type of specimen, 
since the concrete surrounding the anchorage can carry tension and shear.  
 
Figure 3 - 17 shows the beam-end test standardized by RILEM [ 47 ] as an alternative 
form to evaluate the bond behaviour.  
 
 
 
 
 
 
 
Figure 3 - 17 Beam-end Test [ 47 ] 
 
Snowdon [ 43 ] examined the beam-end test. Although this form of test includes bar and 
concrete in tension and compression respectively, representing an advantage in relation 
to pull-out tests, the author considered the specimen difficult to cast and it needed great 
care in handling in order to avoid damage prior to test. 
 
Another test method studied by Snowdon [ 43 ], was the American beam test which is 
illustrated in Figure 3 - 18. This test is based on Standard ACI 208-58 modified to 
conform the 1964 recommendation of the ACI Committee 408 [ 48 ]. 
 
 
 
 
 
 
Figure 3 - 18 The standard American beam test [ 43 ] 
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The specimen presents crack initiators under the load point, and the results of the test 
were obtain in terms of bond stress-slip curves. Snowdon [ 43 ] considered the specimen 
easy to cast and to test. 
 
A modified beam test, based in the American Standards [ 33 ], was proposed by Roberts 
[ 49 ] and it is shown in Figure 3 - 19. The supports of the beam were adapted to avoid 
problems of shear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - 19 Roberts Modified Beam Test [ 49 ] 
 
3.1.4.3 Considerations about Bond Strength Tests 
It is essential for a test method to model as accurately as possible the actual conditions 
in a structural member. Moreover, the test method might reflect the bond characteristics 
when the member is subjected to any loading history. Several test methods, presented in 
the previous section, have been developed in the past to measure bond stress. The beam 
tests (with or without crack initiators) have the advantage of representing the structural 
situation as closely as possible and measure bond stress related to flexural-shear. 
However, the specimens are difficult to cast and needed great care in handling. 
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The pull-out test and splitting test have the advantage of testing a simple specimen 
which represent the bond stress in different situations. The advantage of these methods 
is the necessity of knowing the mode of failure (pull-out or splitting failure) before the 
test in order to represent the structural behaviour.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 CHAPTER 4 
BOND BEHAVIOUR AT ELEVATED TEMPERATURE 
 
 
 
4.1 Bond Behaviour at Elevated Temperature: 
As mention previously, the bond mechanism between a steel reinforcing bar and 
concrete allows the transmission of force from the reinforcement to surrounding 
concrete in a reinforced concrete structure. In fire conditions, not only concrete and 
steel properties are highly affected by the elevated temperature but also the relationship 
between them is changed. In the following sections, the bond behaviour at elevated 
temperature and the residual bond strength will be discussed.[ 50 ] [ 51 ] 
4.1.1 Mechanism of Bond at Elevated Temperature: 
As mentioned in Section  3.1.1. the bond between steel and concrete at ambient 
temperature consists of three mechanisms: adhesion, friction and mechanical interlock. 
For plain bars, the bond depends mainly upon chemical adhesion and, after slip, upon 
friction. For deformed bars, the mechanical interlock of the bar’s ribs embedded in 
concrete is the principal mechanism to govern the bond stress. 
 
At high temperatures, the same bond mechanisms operate, however, as will be 
discussed; compressive strength and the tensile strength of concrete are both reduced by 
the high temperatures. Consequently, bond strength might be expected to reduce as the 
temperature increases. 
 
With concern to this reduction, Morley and Royles [ 56 ] have shown that the 
percentage in bond reduction is greater than the corresponding reduction in compressive 
and tensile strengths, as shown in Figure 4 - 1.  
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Figure 4 - 1 Comparison between Bond Strength Reduction and Concrete Strength [ 56 ] 
 
In additional to the reduction in the material properties, thermal stresses due to thermal 
movements affect the bond performance at elevated temperatures. When the bond is 
considered, there are three thermal movements present (aggregate-cement, aggregate-
steel, cement-steel), which cause an increase in thermal stresses and subsequently 
additional cracking and breakdown of the concrete in the vicinity of the concrete-steel 
interface. This phenomenon intensifies the reduction in bond, already caused by the 
decrease of concrete strength at elevated temperatures. 
 
In term of the concrete strengths ( tensile and compression), the curve presented in 
Figure 4 - 1 shows a rapid drop in the strength after 300ºC is reached, reflecting the 
changes taking place within the concrete due to loss of moisture and thermal movement 
(shrinkage of cement paste and expansion of the aggregate). Another characteristics of 
the curve is the reduction of the strength at temperatures around 100-150 ºC. Morley 
and Royles [ 56 ] attributed this reduction of strength to the aggregate used in the test 
which can cause variation in the concrete strength at high temperature.  
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4.1.2 Effect of Elevated Temperature on the Material Properties: 
4.1.2.1 Concrete: 
Compressive Stress: 
One of the main factors affecting the compressive strength of concrete exposed to high 
temperature is the different types of aggregates used. As concrete is heated, changes 
take place in both the hardened cement paste and the aggregate. The two main changes 
in the cement paste are: - the loss of water as the temperature is increased and the 
expansion of the paste itself. However, during this process, the shrinkage of the cement 
paste due to its loss of water is greater than its expansion due to temperature rise; hence 
the overall effect results in the shrinkage of the cement paste. In addition to this, the 
aggregate responds to the heat by expanding. This combination of effect causes stresses 
in concrete which eventually cracks and, consequently, loss of strength. The type of 
aggregate used affects the behaviour of the concrete at elevated temperatures due to the 
differing thermal properties. Furthermore, concrete with a low aggregate-cement ratio 
shows a greater reduction in strength than concrete with a high aggregate-cement ratio. 
 
The conditions in which concrete is tested, the shape and size of the specimens may also 
affect the compressive strength.  
 
With concern to the test conditions, specimens under a sustained stress during heating 
show smaller losses in strength than those unstressed. Moreover, the longer the period 
of exposure to high temperatures the greater the deterioration in compressive strength.  
 
Considering the shape and size of the specimens, it was observed that cubes have 
greater residual strength than prisms whereas small specimens lose more strength than 
large ones.[ 51 ] [ 52 ] [ 53 ] [ 54 ]. 
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Tensile/Flexural Strength 
As for compressive strength, the tensile/flexural strength of concrete is reduced when 
exposed to high temperature. However, the effects of temperatures in tensile/flexure 
strength are more representative than in compressive strength.  
 
Due to the same reason for the compressive strength, the type of aggregate has a 
significant effect on the tensile/flexural strength of concrete exposed to high 
temperatures. Also, concrete with low aggregate-cement ratios show a greater reduction 
in tensile strength than concrete with high aggregate-cement ratios.  
 
With concern to the test conditions, it was observed that the residual tensile/flexural 
strength after cooling to room temperature is less than when tested while it is hot. 
However it has been shown that, the rate of heating does not appear to have a significant 
effect on the results. [ 53 ] [ 56 ] [ 57 ]. 
4.1.2.2 Steel: 
Except for cold worked steel, moderate losses of yield strength are practically 
completely recovered after cooling from temperatures up to 700 °C. However, the 
decrease in yield strength is significant while the steel remains hot.[ 58 ] [ 51 ] 
 
The reason for the cold worked steel not recovering the yield strength is that the heating 
process releases tensile dislocations created initially by the amount of prior cold 
working of the crystal structure. When the cold worked steel is cooled the relocking of 
dislocations take place however to a much lesser extent. Consequently, the number of 
barriers to slip is reduced compared with the initial condition. The yield strength of steel 
is reduced by half at approximately 550 °C. Therefore, the critical time for the steel is at 
elevated temperature period. [ 59 ] 
 
It is important to consider the loss of steel strength at elevated temperature, since it can 
cause excessive deflections in flexural members, distortion in columns, and bar local 
buckling where the spalling in concrete cover has occurred. [ 51 ]. 
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4.1.3 Testing  
There are six idealized test methods for establishing the behaviour of concrete at high 
temperature. The tests are divided in two categories: steady state tests and transient 
tests. Four of them belong to the category of steady state tests and two belong to the 
category of transient test.[ 60 ] [ 61 ] [ 62 ] 
4.1.3.1 Steady State Tests 
In the steady-state method, the test specimen is heated to a specified temperature. After 
the concrete specimen has reached a uniform temperature distribution a load is then 
applied controlling the rate of increase in either stress or strain until failure occurs. The 
difference between strain and stress controlled tests depends on the load control method 
used in the experiment. This test method is also called the“unstressed test”, because the 
specimen is stress free (or strain free) during the heating period. These tests methods are 
normally used to ascertain the compressive strength, the modulus of elasticity, the strain 
at ultimate strength, and the dissipated mechanical energy as a function of temperature. 
 
The third test method is the steady creep test which is designed to measure creep 
deformations at different temperatures (isothermal creep test). The specimen is slowly 
heated to the specified temperature until a uniform temperature distribution is reached in 
the concrete specimen. After that the mechanical load is applied. The loading period is 
typically much longer than the loading period of stress rate controlled or the strain rate 
controlled experiments. Once the load level is reached, both the temperature and the 
mechanical load are kept constant during the test period. The measured results are creep 
deformations due to sustained constant load at different temperatures.  
 
The steady relaxation test, the fourth test, is similar to the steady state creep test. Under 
each steady temperature condition, an initial (elastic) strain resulting instantaneously 
from the applied deformation is recorded. Subsequently the initial deformation and the 
specified temperature are kept constant during the testing period and measurements of 
stress as a function of time are made. .[ 60 ] [ 61 ] 
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4.1.3.2 Transient Tests 
There are two methods of transient test, the first one is related to constant load and the 
second to constant strain; transient creep test and transient relaxation test, respectively. 
 
In the transient state method a specified load, or strain, is applied to the unheated 
specimen. The load, or strain, is kept constant while the specimen is heated at a 
controlled rate until ultimate failure occurs. The temperature at failure is recorded and 
the test is repeated at different loads. The transient state temperature tests can be 
considered to be similar to conditions that occur during a fire. Their main problem is 
that, depending on the size of the specimen and the rate of heating, the temperature 
within the specimen can be non-uniform; therefore, the temperature which the measured 
data refers is not consistent. [ 62 ] 
4.1.4 Studies of Bond Behaviour at Elevated Temperatures 
As previously discussed, it is important to comprehend the effects of temperature on the 
structural resistance, and also, it is important to the define the residual capacity of the 
structure. 
 
With regard to the bond strength; the same considerations might be made, since the 
bond strength is essential to ensure a satisfactory structural performance. The studies 
fall into two categories: those concerned with the residual bond strength and those 
dealing with bond strength at elevated temperature.  
4.1.4.1 Residual Bond Strength 
Morley and Royles [ 63 ] examined the influence of elevated temperature on the 
residual bond between concrete and steel over a range of temperatures from 20 to 
800°C. 
 
The parameters analysed in the study were the effect of bar size on bond performance 
and the bond stress-slip relationship. 
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Circular cylindrical forms of specimen reinforced with 8 and 16 mm ribbed bars were 
heated and cooled with zero bond stress applied during the bond-slip studies. Thereafter 
the specimens were pulled to failure with continuous recording of load and slip. The test 
set up is shown in Figure 4 - 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - 2 Morley and Royles Test Arrangements [ 63 ] 
 
In terms of bond-slip curves, Morley and Royles [ 63 ] concluded that the bond strength 
tended to be weaker than the one at ambient for temperatures between 20 to 100°C, and 
then some increase occurred between 100 to 300°C. Subsequently bond strength 
diminished with temperature. 
 
With concern to the effect of bar size on bond performance, Morley and Royles [ 63 ] 
concluded that the smaller bars have a superior performance to that of the larger bars. 
This fact might be attributable in part to the greater tendency for concrete splitting to 
occur for large the bar sizes. 
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Using the same test set up shown in Figure 4 - 2, Morley and Royles [ 56 ] carried out 
tests to examine the influence of the type of bar and the effect of loading cycling upon 
the bond in residual conditions. Cylindrical specimens with 126 mm diameter and a 
height of 300 mm with 16 mm diameter plain and deformed bars were used. 
 
Morley and Royles [ 56 ] took into account six different temperatures in the range of 
20°C–750°C. For each type of bar, four specimens were tested at each temperature 
level. A steady-state bond stress was applied during the heating cycle. Also the effect of 
applying twenty load cycles between 1.0 and 3.70 N/mm2, after cooling and 
immediately before loading to failure, was examined.  
 
Morley and Royles [ 56 ] concluded that although deformed bars gave a more effective 
bond performance than plain bars, the maximum-bond-stress-temperature curves are 
consistent in shape for both types of bar. 
 
It was found that load cycling decreased the maximum bond stress available. Also, for 
the temperatures tested in excess of 250°C, large irreversible slip took place during the 
cycling process. 
4.1.4.2 High Temperature Bond Strength 
Diederichs and Schneider [ 57 ] carried out pull-out tests, which were performed at 
steady state temperature condition, to describe the stress-slip-characteristics of the 
specimens. The parameter investigated in the study were the type of steel, ribbed bars, 
plain bars and deformed prestressing bars and types of normal concrete using different 
aggregates. 
 
The geometry of the test specimens was specified according to the RILEM/CEB/FIB 
recommendations [ 42 ], shown in Figure 3 - 10. All specimens had a cylindrical shape 
with height of 191 mm and diameter of 172 mm. The test set up used is shown in Figure 
4 - 3 
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Figure 4 - 3 Test Set up Diederichs and Schneider [ 57 ] 
 
Considering the plain bars embedded in siliceous concrete, Diederichs and Schneider [ 
57 ] concluded that the ultimate bond stress decreases with increasing temperatures. 
Besides that, the adhesion (bond stress without any slip) decreases with increasing 
temperatures. For the 16 mm diameter plain bar, the adhesion disappears at about 300°C 
and for the 8 mm diameter plain bar at about 400 °C. However, for plain bars embedded 
in basal aggregate concrete the adhesion remains up to 800 °C and the bond strength is 
higher than siliceous concrete specimens. 
 
For ribbed bars embedded in siliceous concrete, adhesion and bond stress are lower for 
8 mm diameter ribbed bars compared to 16 mm diameter ribbed bars at temperatures 
below 500 °C. However, the opposite happens at temperatures above 500 °C, except for 
the adhesion which disappears for both bars at this temperature. For ribbed bars 
embedded in basalt concrete, the 8 mm diameter ribbed bars showed lower adhesion and 
bond stress than 16 mm diameter ribbed bars, irrespectively of the temperature. 
 
Diederichs and Schneider [ 57 ] concluded that the difference of thermal strains of 
basalt and siliceous concrete is the main factor that affects the bond between concrete 
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and steel. The thermal strains of basalt concrete are lower than that of steel, and three 
situations can be distinguished: siliceous concrete at temperatures below 350 °C, 
siliceous concrete at temperatures above to 350 °C and basalt concrete at any 
temperature. 
 
In the first case where siliceous concrete is at temperatures below 350 °C is considered, 
the thermal strains of the steel and concrete are the same; therefore, the bond behaviour 
is similar to ambient temperature, with fr (Equation 3. 1) and concrete strength being the 
main factor affecting the bond. 
 
In the second case where siliceous concrete is at temperatures above to 350 °C, the 
concrete expands more than the steel; consequently, the bar diameters are as important 
as the fr (Equation 3. 1) and concrete strength. Therefore, the greater the bar the worse 
the bond strength. 
 
In the third case where basalt concrete is considered, the concrete also expanded more 
than the steel, and therefore, the diameter of the bar is decisive, However, the greater 
the bar the less the decrease of adhesion and bond strength. 
 
Diederichs and Schneider [ 64 ] presented other investigations using the same test set up 
and specimen design of previous research [ 57 ]. Two different types of experiment 
were carried out. These are force-slip measurement at thermal steady state and at 
transient state conditions, in the temperature range 20 to 800°C. The variables were the 
different type of reinforcement, comprising ribbed steel and plain round steel bars. 
 
Diederichs and Schneider [ 64 ] had concluded that the bond strength depends not only 
upon the temperature level, but also upon the test procedure and the shape of the bar. 
For the steady state tests using ribbed bar, the effect of the temperature on the bond 
strength up to 300°C, is small. Above this temperature, the bond stress significantly 
reduces. For plain bars, the reduction in bond strength with increase in temperature is 
much more severe. At 300°C, 50% of the bond strength is lost and at 600°C the bond 
stress is too small to measure. Moreover, at variable temperatures, force-slip 
relationships for the plain bars rise more steeply than those for ribbed bars.  
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Diederichs and Schneider [ 64 ] noticed that slip measured during the transient test was 
not only due to the application of force, but also included deformation caused by 
differences in the thermal expansion of the concrete and steel. This behaviour was not 
observed in the steady state tests. 
4.1.4.3 Residual Bond Strength and High Temperature Bond Strength 
Morley and Royles [ 55 ] examined, over a temperature range of 20°C - 750°C, the 
effect of high temperature upon the bond between the steel and the concrete in 
reinforced concrete. They took into account various parameters including different test 
conditions and cover depths. The effect of heat upon the compressive and tensile 
strength of the concrete was also considered, together with its effect upon the bond 
performance 
 
The test equipment used was previously described and is shown in Figure 4 - 2. Morley 
and Royles [ 55 ] tested cylinders 300 mm in height and of varying diameters in 
accordance with the cover. The reinforcement was 16 mm diameter deformed bars. 
 
Four test conditions were examined, namely: 
1) Applied stress during heating and loaded to failure when hot; 
2) Applied stress during heating and loaded to failure when cooled; 
3) No applied stress during heating and loaded to failure when hot; 
4) No applied stress during heating and loaded to failure when cooled. 
 
For each of the four conditions a cover of 55mm was tested. In addition, they examined 
three different depths of cover (25, 32 and 46 mm) under test condition 2. 
 
In order to compare with the bond results, cylindrical concrete specimens equivalent in 
size to the 55 mm cover bond specimens were tested in compression after being heated 
and cooled. Moreover, after the bond test had been completed, each bond specimen was 
subjected to an indirect tensile splitting test to permit a visual examination of the 
concrete-steel interface and to establish the effect of heat upon the tensile strength of the 
concrete. 
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Morley and Royles [ 55 ] concluded that the critical value in the bond-stress-slip curve 
is caused by crushing of concrete immediately beneath the ribs. This point was obtained 
either during loading to failure or during the heating cycle if the concrete strength 
properties had been sufficiently reduced by the heat. 
 
In terms of the depths of cover, Morley and Royles [ 55 ] noticed that the specimens 
with larger cover depths followed the concrete compressive strength curve and 
presented large slips. This behaviour indicated a pull-through type failure with the 
concrete in compression in the vicinity of the ribs resisting this action. However, 
specimens with smaller depths of cover gave very small slip and followed the pattern of 
the tensile-strength-temperature curve, showing a tensile splitting failure mode to be 
predominant. The effect of different covers and concrete strength curves are shown in 
Figure 4 - 4 (a) and (b). 
 
Considering the test conditions, Morley and Royles [ 55 ] noted that, for temperatures 
up to 250°C, the specimens tested in the residual condition gave more favourable results 
than those tested hot, owing to the additional thermal stresses involved. Then, as the 
temperatures increased, this pattern was reversed. Moreover, bond specimens stressed 
during heating gave a slightly better performance than those that were not stressed. This 
is explained by the restraint, provided by the applied loading preventing cracking within 
the concrete from forming to the same extent as it would without such restraint and so 
reducing the loss in strength suffered. 
 
With regard to the comparison between bond and compression strength, they observed 
that the reduction in bond strength with temperature was greater than the corresponding 
reduction in the concrete compressive strength, and the bond performance was very 
much dependent upon the concrete strength. 
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Figure 4 - 4 (a) Variation of the bond strength with temperature for different cover; (b) 
Concrete strength variation with temperature [ 55 ] 
 
Sarger and Rostasy [ 65 ] carried out pull-out tests in 16 mm diameter ribbed 
reinforcing bars and cylindrical concrete specimens were used in accordance with 
RILEM/CEB/FIB recommendation [ 42 ]. Two normal weight and two lightweight 
aggregates were tested, quartz, limestone, expanded clay and shale, respectively. In 
addition, two concrete strengths were used, 25 and 55 N/mm2. 
 
The cylindrical test specimen was enclosed in an electrically heated oven. The tensile 
force applied to the ribbed reinforcing bar was generated by a hollow-piston jack which 
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acted against an anchorage clamp at the end of the bar and, via a thrust-transmitting 
element against the lower end face of the specimen. 
 
These two test conditions were adopted: bond test with rising temperatures and constant 
load, and bond test at constant temperature without initial load. 
 
Considering the constant temperature test method, with 25 N/mm2 concrete and three 
different aggregates, Sarger and Rostasy [ 65 ] concluded that the bond behaviour of 
lightweight concrete and of quartz concrete are similar up to 200°C, decreasing in the 
first 100°C and increasing after that. From 300°C up to 600°C the bond stress decreases. 
For quartz concrete this decrease happens at a faster rate than for other concretes. At 
700°C, the quartz concrete maintained 25% of the initial bond stress whereas the 
lightweight and limestone aggregate concrete still retained 50% of the room temperature 
bond stress. In the variable temperature test method, for the same concrete strength, the 
failure temperatures for lightweight concrete are considerably higher than those for 
quartz concrete. 
 
4.1.5 Comparisons of Studies on Bond Behaviour at Elevated Temperature 
As described, a number of tests have been carried out which give an indication of the 
effect of temperature on the bond strength. However, a direct comparison is not 
possible, due to the difference of test conditions and also the difference in the variables 
analysed. 
 
First consideration is the experimental procedure employed to evaluate the bond at high 
temperatures. Although the majority followed the procedure of a pull-out test, there are 
some important differences. Morley and Royles [ 55 ] examined the effect of high 
temperatures upon the bond between the steel and the concrete in reinforced concrete, 
considering different test conditions. They conclude that bond specimens stressed 
during heating gave a slightly better performance than those that were not stressed. 
Moreover, for temperatures up to 250°C, the specimens tested in residual condition 
gave more favourable results than those tested hot. 
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A further investigation about test conditions was realised by Diederichs and Schneider [ 
64 ]. They noted that the loss of bond strength for ribbed bars at constant elevated 
temperatures is the same order of magnitude as the loss of high-temperature 
compressive strength of concrete. At the same temperatures, plain round bars show a 
sharper decrease in bond strength. 
 
Another difference in the test condition is to consider the beam test, which investigates 
longer specimens than the one used in pull-out tests, resulting in a better representation 
of the actual structural situation. However, beam tests for bond at elevated temperatures 
do not appear to have been undertaken, probably because of a desire to keep tests 
simple. Beam test specimens would be more complex and involve the expense of using 
electric resistance strain gauges at elevated temperatures.  
 
The second aspect to be considered is the number of variables affecting the bond 
behaviour. There are many variables affecting the bond and in order to compare the 
results the same variable have to be tested. Owing to the variable nature of concrete, 
which can lead to a wide scatter of results even under similar test conditions, a 
substantial amount of data are required to be able to produce a reliable bond-
temperature relationship. 
 
However, some important conclusions could be pointed out from the research 
considered so far. A common conclusion is that the ultimate bond stress decreases with 
increasing temperatures and that the different types of aggregate affect the bond 
strength. 
 
Morley and Royles [ 56 ][ 63 ] found that  smaller bars have a superior performance to 
that of larger bars. On the other hand, the maximum bond-stress-temperature curves are 
consistent in shape for both types of bar. They also concluded that load cycling 
decreased the maximum bond stress.  
 
Diederichs and Schneider [ 64 ] and Morley and Royles [ 55 ] observed that the 
reduction in bond strength with temperature was greater than the corresponding 
reduction in the concrete compressive strength, and bond performance was very much 
dependent upon the concrete strength. 
 5 CHAPTER 5 
EXPERIMENTAL PROGRAMME ON BOND BEHAVIOUR 
 
 
 
5.1 Experimental Programme on Bond Behaviour – Pull-out Test 
 
The experimental programme simulates the behaviour of the bond between the mesh 
reinforcement and concrete at elevated temperatures. Since the bond strength between 
welded mesh reinforcement and concrete is the principal behaviour that governs the 
fracture of the reinforcement in a composite floor slab, this was the main interest of the 
experimental work. 
 
To represent different mesh sizes used within composite floors slabs in the UK, 
subjected to different temperatures, the author carried out a experimental programme on 
bond behaviour. 
 
Pull-out tests with temperatures varying from 20 to 1000°C were carried out for 
different type and bar diameter sizes and test conditions. In terms of the bar 
characteristics, plain and ribbed bars with 6, 7, 8 and 10 mm diameter, to characterize 
the UK mesh sizes of A142, A193, A252 and A393, were tested. Concerning the test 
conditions, the steady-state test and transient test methods were investigated. In the first 
(steady-state test), the specimens were heated to a specified uniform temperature 
followed by the application of the load. The temperatures considered were 20, 200, 400, 
600, 800 and 1000 °C. In the second test condition (the transient test) a specified load 
was applied to the unheated specimens and kept constant while the specimens were 
heated until failure occurred. 
 
The specimens were divided in to eight groups according to Table 5 - 1 
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Table 5 - 1 Experimental Programme 
5.2 Specimen Design 
5.2.1 Geometry 
The design of the specimen was developed with the aim to construct the simplest 
geometry to represent welded mesh reinforcement embedded within concrete to take 
into account the weld position and spacing within a welded mesh reinforcement mat (at 
200mm centres ). 
 
For that reason, the specimens tested were rectangular concrete prisms constructed with 
one longitudinal bar and one transverse bar welded centrally, as shown in Figure 5 - 1. 
The bars were cut from a standard mesh mat. 
 
Plastic sleeves were placed over each end of the longitudinal bar to prevent contact 
between the concrete and the bar, as shown in Figure 5 - 1. Therefore an exact bond 
length of 200 mm was ensured, corresponding to the bar centres in the standard UK 
mesh sizes, and the transverse bar was positioned such that it was at the mid-point of the 
bonded length being tested. 
 
 
 
 
6P Plain 6
7P Plain 7
8P Plain 8
10P Plain 10
6R Ribbed 6
7R Ribbed 7
8R Ribbed 8
10R Ribbed 10
Group Type of Bar Diameter of Bar(mm)
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Figure 5 - 1 Specimen Geometry 
 
The cover depth considered followed the recommendation of BS 8110-1:1997 [ 66 ] 
which determined the necessary cover depth to avoid splitting of the concrete. The 
concrete mix is the main parameter taken into account in the BS 8110-1:1997 [ 66 ] to 
establish the cover depth. In the tests, a nominal 1:2:4 mix with a 0.56 water/cement 
ratio using Portland cement and natural gravel aggregate of 10mm maximum size was 
used. Therefore, the cover depth necessary was 15mm, to the longitudinal bar. 
Moreover, the cover depth of 15 mm represents the cover of the mesh over the troughs 
in a typical composite floor slab. 
 
At the weld position two thermocouples (type K) were attached to the transverse bar 
with their sensors touching the longitudinal bar, as a result the temperature of the 
longitudinal bar could be measured, (Figure 5 - 2). In addition, due to the central 
Cross Section 
Sleeves 
Thermocouples 
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position of the thermocouple it can be considered that the temperature at other parts of 
specimen are the same one measured by the thermocouple. 
 
 
 
 
 
 
 
Figure 5 - 2 Thermocouples type K 
5.2.2 Material 
The materials used throughout the experimental programme to construct the specimens 
were normal weight concrete and welded mesh reinforcement. 
5.2.2.1 Concrete 
Mix design 
The concrete mix was designed according to BS12:1996 [ 67 ] and BS882:1992 [ 68 ]. 
The concrete characteristic strength target was 35 N/mm2 at 28 days and the mix 
proportion was obtained by following the procedures presented in the BRE Report: 
Design of Normal Concrete Mixes [ 69 ]. Since the first trial mix tested at 28 days 
presented a concrete characteristic strength of 50 N/mm2, some adjustments in the mix 
design was made resulting in the design shown in Table 5 - 2. 
 
 
 
 
 
 
Table 5 - 2 Concrete mix proportions 
Material Quantities p/m3
Cement (kg) 361.43
Water (kg) 202.42
Fine Aggregate 614.77
Coarse Aggregate (max.10mm) 1193.38
Slump 10-30mm         a/c=0.56
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Therefore, the nominal ratio used was 1:2:4 mix  
 
The cement used in the concrete mix was ordinary Portland cement conforming to 
BS12:1996 [ 67 ] and BS EN 197-1: 2000 [ 70 ]. The fine aggregate was sharp sand 
within the grade limits of Zone M and Zone F, defined in BS 882: 1992 [ 68 ]. The 
coarse aggregate was 10mm maximum size natural gravel which conformed to the 
grading limits for coarse aggregate specified in BS 882: 1992 [ 68 ]. 
5.2.2.2 Steel 
The steel bars used in the tests were obtained from four different meshes according to 
Table 5 - 3. 
 
 
 
 
 
 
 
Table 5 - 3 Mesh specifications 
5.2.3  Casting  
For each group, nine specimens were cast, six of them were tested and three were left as 
spares. In addition, nine 100 x 100 x 100mm cubes were cast for each group to be 
submitted to a compressive strength test. 
 
To avoid any movement of the bars during the casting process PVC rectangular pieces 
were placed underneath the transversal bars, as shown in Figure 5 - 3. In the demould 
process these PVC pieces were removed. 
 
 
 
Wire Size Area Size Area
(mm) (mm²/m) (mm) (mm²/m)
A393-Plain 10 200 393 10 200 393 690 243816
A252-Plain 8 200 252 8 200 252 670 236749
A193-Plain 7 200 193 7 200 193 637 225088
A142-Plain 6 200 142 6 200 142 515 181979
A393-Ribbed 10 200 393 10 200 393 600 212014
A252-Ribbed 8 200 252 8 200 252 538 190106
A193-Ribbed 7 200 193 7 200 193 530 187279
A142-Ribbed 6 200 142 6 200 142 522 184452
Mesh 
Reference
Longitudinal Wires
Pitch 
(mm)
Pitch 
(mm)
Cross Wires Measured 
Yield Strength 
(N/mm2)
Young's 
Modulus 
(N/mm2)
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Figure 5 - 3 Specimen Mould 
The specimens were cast horizontally to reproduce the casting process of a real 
composite slab, see Figure 5 - 4. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - 4 Group and Cubes Cast 
The direction of casting is an important factor that influences the bond strength 
behaviour. Due to occurrence of voids formed by water micro bubbles underneath the 
bar, the bond performance of bars placed perpendicularly to the casting direction, as in 
the experimental programme and in reality, are worse than the bars placed in the same 
direction as casting.  
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Before the first pull-out test was carried out the specimens were cured for three months. 
This period was necessary to prevent any concrete spalling, a phenomenon caused when 
a concrete member with excess of water is exposed to high temperatures. 
5.3 Tests 
The experimental programme comprised three parts, the main investigation - the steady-
state and the transient pull-out tests, and three complementary examinations, including: 
steel tensile tests which resulted in the stress-strain characteristics a bar taken from the 
mesh mat; cube compressive tests; and weld test which involved a tensile test of the 
weld connection. 
5.4 Pull-out Test 
5.4.1.1 Test Instrumentation 
The apparatus used in the pull-out tests at 20 °C is showed in Figures 5 - 5 and 5 - 6. 
The rig was designed as a reaction frame and mechanism to measure the displacement 
of the bar. Two columns and a steel beam made the rig.  
 
The top steel beam was formed by two parallel flange channels, 25 mm plates and 7 mm 
stiffeners. The two parallel flange channels (PFC 200 x 90 x 30) were welded to the 
column by their ends leaving a 25 mm space between them. Therefore, the bar could be 
placed in between the two parallel flange channels and be pulled from above the steel 
beam. 
 
 
 
 
 
 
 
 
Chapter 5: Experimental Programme 
 73
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - 5 Set up used for pull-out tests at 20 °C 
   Top 
Jaw 
Load Cell 
Linpots 
Hydraulic Jack 
Specimen 
50
0 
15
0 
Beam Cross-section 
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Figure 5 - 6 Set-up used for pull-out tests at 20 °C 
For the pull-out test at elevated temperatures, the specimen was placed inside the 
furnace and the steel beam was placed on the top of the furnace, as shown in Figure 5 - 
7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - 7 Set up used for pull-out tests at elevated temperatures 
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Load Cell 
Hydraulic 
Jack 
Linpots 
The furnace used in the elevated temperatures pull-out test was a P5994 Potterycrafts 
Top Loading Kiln with the internal diameter of 64 cm and internal depth of 45 cm 
resulting in 151 litre of fire capacity. Moreover, the kiln could reach a maximum 
temperature of 1300ºC. During the test, insulation wool was placed on the lid of the 
furnace to avoid heat loss. However, the contact between the specimen and the bottom 
part of the beam was maintained. The load was applied by a hydraulic jack and 
measured by a 50 kN load cell. The instrumentation for displacement measurement and 
application of the load used in the pull-out tests is shown in Figure 5 - 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - 8 Load and Displacement Measurements Instrumentation 
 
Once the load was applied to the hydraulic jack, the plate placed on its top moved 
upwards and the displacement was measured by two Linear Potentiometers (Linpots) in 
contact with the plate. 
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5.4.1.2 Test Procedure 
Three different test processes were carried out according to temperature and the test 
conditions that the specimen was subjected, i.e. ambient temperature or elevated 
temperatures including transient or steady-state test. 
Ambient Temperature 
The specimens were placed on the bottom of the steel beam with the reinforcement bar 
passing though the two parallel flange channels, the hydraulic jack, the load cell and 
finally anchored on the top part of the steel beam, see Figure 5 - 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - 9 Representation of the Test Procedure 
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After the specimen was positioned the load was applied by the hydraulic jack until 
failure. The linpots and the load cell were connected to the data logger. The data logger 
was programmed to scan at every load increment of 0.15 kN. As a result, the bond 
strength-slip relationship was obtained. 
Elevated Temperatures 
The specimens were placed inside the furnace through a lid opening, as shown in Figure 
5 - 10. Insulation wool was added to avoid the heat loss during the test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - 10 Specimen in the Furnace 
 
Once the specimens were placed inside the furnace and all the insulation wool sited, the 
steel beam was moved downwards to the top of the furnace permitting the reinforced 
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bar to be anchored on the top part of the steel beam. Some mock-up tests were carried 
out to define an adequate temperature increase rate to be used in the pull-out tests. The 
target rate adopted to avoid steep thermal gradients, was 300°C/h. 
 
Steady-state Test: 
 
The furnace was set up to a target temperature and the specimens were heated up until 
the thermocouple, placed at the weld position, recorded the aimed temperature. Since 
the thermocouples were placed in the specimen centre, the temperature of the other parts 
of specimen could be considered to be at the same temperature i.e., the specimens were 
at uniform temperature. 
 
Therefore, once the two thermocouples on the reinforcement recorded the target 
temperature and the specimen reached a uniform temperature, the load was applied until 
failure. 
 
The linpots, thermocouple and the load cell were connected to a computer and the 
readings were taken by Orion 3530 Data logger System. Subsequently, the bond 
strength-slip-temperature relationship was plotted. 
 
Transient Test: 
 
Based on the steady-state test results the load to be applied in the transient test was 
decided.  
 
For the plain bar groups, the load applied was the corresponding failure load of the 
400°C steady-state test for the same diameter size bar. The load applied on the transient 
tests of ribbed bar groups was the failure load of the 600°C steady-state for the same 
diameter size bar. 
 
The specimen was loaded at the start of the test and remained constant during the test. 
Similar to the steady-state tests, the specimen was heated at a rate of 300°C/h until 
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failure. The temperature of thermocouple, placed in the weld position, was recorded 
when failure occurred. This allowed a direct comparison between the transient and 
steady-state tests 
5.4.2 Concrete Compressive Test 
For each group of specimens, nine 100 x 100 x 100 mm cubes were cast. They were 
subjected to a destructive compression test under a constant loading rate of 0.2 kN/sec 
using an Amsli 3000 kN Compression Testing Machine. 
 
Three of the cubes were tested on the same day that the pull-out test at ambient 
temperature was conducted. Another three were tested when the pull-out test at 600°C 
was carried out, i.e. in the middle of the experimental programme. And finally, the last 
three were tested on the day of the final pull-out test.  
 
Hence, the compressive cube strength of concrete (fck,cube) for each group of specimens 
was determined. 
5.4.3 Steel Tensile Test 
To obtain the stress-strain characteristics of the welded mesh used in the tests, bars 
removed from the mesh mat were subjected to a tensile test. Three bars from each group 
were tested. The tensile test was conducted using the 4507 Instron Universal Testing 
Machine and the displacement was measured by a 50 mm extensometer. The data logger 
was programmed to scan at every load increment of 0.2 kN 
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5.4.4 Weld Test 
To determine the weld strength a modified tensile test was conducted, as shown in 
Figure 5 - 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 - 11 Modified Tensile Test Set up 
 
The two welded bars cut from the mat of welded mesh used in the pull-out tests were 
subjected to a tensile test. The longitudinal bar was kept fixed and the transversal bar 
moved upwards, as shown in Figure 5 - 11. The bars were supported by two plates and 
an equal angle to prevent the movement of the bars, and allow the applied load to be 
directed to the weld point. 
 
 
Fixed Point 
Moving Plate 
Welded Point 
 6 CHAPTER 6 
EXPERIMENTAL PROGRAMME RESULTS 
 
 
 
6.1 Considerations about Experimental Programme Results 
The aim of the experimental programme was to obtain the representation of the bond 
behaviour between the welded mesh reinforcement and the concrete. Therefore, the 
bond-slip-temperature curves were investigated. 
 
In the pull-out test procedure described in the Standards [ 71 ], and most commonly 
used, the specimen and the test set up are formed to allow one free end to be loaded and 
the displacement to be measured at the other free end. Consequently, the displacement 
measured is purely slip and the elongation of the bar is not included.  
 
However, in the experimental programme, due to the position and the form of the 
furnace, with a single opening situated on its lid, only the top bar end was accessible 
(Figures 5 – 7 and 5 - 10). Therefore, the application of the load and displacement 
measured were recoded at the same end. This meant that the displacement measured at 
the top of the jack not only measured the bond-slip of the bar but also included the 
elongation of the bar 
 
For that reason, the load-displacement curves resultants from the steady-state pull-out 
tests do not represent the bond versus the slip of the bar, but the bond versus the slip 
added to the elongation of the bar. 
 
The solution found to determine the true bond-slip-temperature relationship was to 
remove the tensile load–displacement-temperatures curves from the pull-out load-
displacement-temperatures curves. This procedure consisted of testing the bar in 
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isolation resulting in its actual stress-strain characteristics and subsequently reduce this 
result from the bond-slip curves. 
 
A similar method has been adopted previously by Mo and Chan [ 30 ] and is presented 
as a valid approach in ASTM C234 [ 44 ]. Therefore, the solution assumed to overcome 
the problems of measuring the displacement at the same end of the application of the 
load, was endorsed. 
6.2 Concrete Compressive Test Results 
For each group, nine cubes were tested, three of them on the day of the ambient 
temperature pull-out test, another three were at 600°C pull-out test day and the last three 
at the final pull-out test day. The final concrete strength of each group was obtained by 
the average of all the valid cube results, for each group, and are listed as follows.  
 
 
 
 
 
 
 
 
 
Table 6 - 1 Concrete Compressive Strength 
 
Compressive 
Cube Strength
(N/mm2)
6P 31.3
7P 35.3
8P 35.1
10P 32.1
6R 31.8
7R 33.1
8R 35.2
10R 33.4
Group
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6.3 Steel Tensile Test Results 
6.3.1 Ambient Temperature 
For each group, three tensile strength test results were carried out. However, the result 
considered to characterize the tensile behaviour of the welded mesh was the average 
curve. Figure 6 - 1 shows the test result for the 7mm ribbed bar set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 1 Stress-Strain Characteristics of 7mm ribbed bar 
 
 
0
100
200
300
400
500
600
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Strain 
St
re
ss
 
(N
/m
m
2)
Bar A
Bar B
Bar C
Chapter 6: Experimental Programme Results 
 
 84
6.3.2 Elevated Temperatures 
The stress–strain characteristics curves for the bars at elevated temperatures were based 
on a standard tensile test at ambient temperature adjusted by the reduction factors given 
in Table 3.1 of the BSEN1993-1-2 [ 72 ]. The stress-stain curve for the carbon steel is 
presented in Figure 6 - 2 and Table 6 - 2 shows the equation used to define the stress-
strain relationship for the bars at elevated temperature. Moreover, the parameters εsy,θ 
,εst,θ and ,εsu,θ used to develop the stress–strain curves at elevated temperatures were 
obtained from the ambient tests. Figure 6 - 2 shows the stress–strain relationship for a 7 
mm ribbed bar at elevated temperatures. The other curves are presented in Appendix A  
 
 
 
 
 
 
 
 
 
 
Figure 6 - 2 Stress -Strain Characteristics for Carbon Steel at Elevated Temperature [ 72 ] 
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Table 6 - 2 Stress-strain relationship for reinforcing steel according to BSEN1993-1-2 [ 
72 ] 
where 
fy,θ is the effective yield strength; 
fp,θ is the proportional limit; 
Ea,θ is the slope of linear elastic range; 
εp,θ is the strain at proportional limit; 
εy,θ is the yield strain; 
εt,θ is the limiting strain for yield strength; 
εu,θ is the ultimate strain. 
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Figure 6 - 3 Stress -Strain Characteristics of 7mm ribbed bar at elevated temperatures 
 
As shown in Figure 6 - 4, when the elevated temperature test was carried out part of the 
longitudinal bar’s total length was exposed to high temperature and part of the bar was 
maintained at ambient temperature. From the total 650mm total length, only 150mm 
correpondent to the plastic sleeve length was subject to elevated temperatures. 
Therefore to obtain the load-displacement curves for the bar total length of 650mm, the 
strain presented in Figure 6 - 3 which correspond to strain at elevated temperature were 
added to the strain obtained in the tensile test at ambient temperature (Figure 6 - 1), as 
show in in Equation 5. 1. 
 
θεεε ,150500 mmmmtotal +=  5. 1 
where: εtotal is the resultant total strain 
           ε500mm is the 500mm bar length strain at ambient temperature 
           ε150mm is the 150mm bar length strain at elevated temperature 
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Figures 6 – 5 to 6 – 9 show the resultant load-displacement curves for the 7mm diameter 
bar at different temperature  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 4 Representation of the Pull-out test 
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Figure 6 - 5 Load-displacement relationship for 7mm ribbed bar at 200 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 6 Load-displacement relationship for 7mm ribbed bar at 400 °C 
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Figure 6 - 7 Load-displacement relationship for 7mm ribbed bar at 600 °C 
 
For temperatures higher than 600 °C the effect of the 150mm over the 500mm was too 
small and was neglected, as shown in Figures 6 -8 and 6 -9. 
 
The curves for the other bars are in Appendix. 
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Figure 6 - 8 Load-displacement relationship for 7mm ribbed bar at 800 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 9 Load-displacement relationship for 7mm ribbed bar at 1000 °C. 
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6.4 Weld Test Results 
For each group three weld tests were investigated at ambient temperature. However, the 
result considered to represent the weld strength was the one which represent the average 
curve. Figure 6 - 10 shows the test result for the 7mm ribbed bar set 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 10 Weld test results 
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6.5 Pull-out Test Results at Elevated Temperatures 
6.5.1 Steady-state Test 
The principal aim of the experimental programme was to obtain the bond-slip curves for 
different temperatures. As has been discussed, to determine the bond-slip-temperature 
relationship, the curves resulting from the pull-out tests were reduced from the tensile 
load–displacement curves of the bars. The tensile load-displacement curves of bar 
considered in this case were the combination of the curve of the bar with 150mm at 
elevated temperatures and the curve of the bar with 500mm at ambient temperature, 
resulting in a total length of 650mm.  
 
Figures 6 – 11 to 6 – 14 show the reductions of the pull-out test for 7mm ribbed bar set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 11 Pull-out test results of 7mm ribbed bar at ambient temperature 
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Figure 6 - 12 Pull-out test results of 7mm ribbed bar at 200 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 13 Pull-out test results of 7mm ribbed bar at 400 °C 
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Figure 6 - 14 Pull-out test results of 7mm ribbed bar at 600 °C 
 
The influence of the deformations of the bars in the pull-out results for tests conducted 
at temperature higher than 600 °C were too small and were neglected. 
 
The failure of the ribbed bar group was characterized by the fracture of the longitudinal 
reinforcement at all temperatures with the only exception of the 10mm ribbed bar that  
failured by splitting of the concrete due to the low cover-bar diameter ratio. The Figures 
6 – 15 to 6 – 18 present the results curves for the ribbed bar groups. 
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Figure 6 - 15 Pull-out test results of 7mm ribbed bar set at different temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 16 Pull-out test results of 6mm ribbed bar set at different temperatures 
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Figure 6 - 17 Pull-out test results of 8 mm ribbed bar set at different temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 18 Pull-out test results of 10 mm ribbed bar set at different temperatures 
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For groups with plain bars the failure was caused by the break of the weld and 
consequently pull-out of the bar. This behaviour is represented in Figures 6 – 19 to 6 - 
22. Although the initial slope of the load-displacement curves reduces with the 
increased of the temperature, the 8mm plain bar test did not follow that. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 19 Pull-out test results of 6 mm plain bar set at different temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 20 Pull-out test results of 7 mm plain bar set at different temperatures 
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Figure 6 - 21 Pull-out test results of 8 mm plain bar set at different temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 22 Pull-out test results of 10 mm plain bar set at different temperatures 
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Figures 6 – 23 to 6 – 30 show the bond stress – slip relationship. As expected, the 
patterns of the curves corresponded to the load-displacement showed in the Figure 6 - 
15 to 6 - 18. The bond stress is considered to be averaged along the 200mm bond 
length.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 23 Average bond stress- slip curve for 6mm ribbed bar at elevated temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 24 Average bond stress- slip curve for 7mm ribbed bar at elevated temperatures 
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Figure 6 - 25 Average bond stress- slip curve for 8mm ribbed bar at elevated temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 26 Average bond stress- slip curve for 10mm ribbed bar at elevated 
temperatures 
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Figure 6 - 27 Average bond stress- slip curve for 6mm plain bar at elevated temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 28 Average bond stress- slip curve for 7mm plain bar at elevated temperatures  
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Figure 6 - 29 Average bond stress- slip curve for 8mm plain bar at elevated temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 30 Average bond stress- slip curve for 10mm plain bar at elevated temperatures 
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6.5.2 Transient Test 
The objective of the transient tests was to obtain the temperature at what the specimens 
failed when a specific load was applied. The load applied corresponded to the failure 
load obtained in the steady-state test and temperatures reached in the transient tests are 
showed in Table 6 - 3. As can be seen, the final temperatures reached in the transient 
tests are similar to the temperature applied in the steady-state tests with the greatest 
difference being 4%. 
 
 
 
 
 
 
 
 
 
Table 6 - 3 Transient Test Results 
 
6.6 Discussion about Experimental Programme Results 
6.6.1 Effect of the Temperature on the Bond Strength 
As presented in Chapter 2, the bond between the steel and concrete consists of three 
mechanisms: adhesion, friction and mechanical interlock. The bond for plain bars 
depends mainly upon chemical adhesion and after slip upon friction. For deformed bars, 
the mechanical interlock of the ribs of the bars embedded in concrete is the principal 
mechanism governing the bond. 
 
The same bond mechanisms operate at elevated temperatures. However, compressive 
strength and the tensile strength of concrete are both reduced by the increase of 
Group Failure Load (kN)
Temperature of the 
Steady-State Test (°C)
Temperature of the 
Transient Test (°C)
Temperature of the 
steady-state test / 
temperature of the 
transient test
6P 11.21 400 385 4%
7P 9.56 400 412 -3%
8P 16.71 400 406 -1%
10P 17.25 400 394 2%
6R 6.66 600 579 4%
7R 9.44 600 613 -2%
8R 11.61 600 623 -4%
10R 21.26 600 581 3%
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temperature. Consequently, the bond strength is expected to reduce as the temperature 
increases.  
 
Additionally, at elevated temperature, there are thermal movements present, which 
cause an increase in thermal stresses and subsequently reduce the bond strength at 
elevated temperatures. 
 
The reduction of bond strength with increase in temperature, observed in the 
experimental programme, is shown in Figures 6 - 31 and 6 - 32.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 31 Bond strength-temperature curves for plain bars 
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Figure 6 - 32 Bond strength-temperature curves for Ribbed Bars 
 
Comparing Figures 6 – 31 and 6 - 32, it is noted that the bond strength is affected by the 
size and type of the bar. At the same temperatures, ribbed bars have greater bond 
strength compared to the plain bars; moreover, the bond performance of the bars with 
greater diameter is considerably better. 
6.6.2 Comparison of the Reduction of Bond Strength and Steel Strength at 
Elevated Temperatures 
The relative bond strength (bond strength at elevated temperature in relation to the 
ambient) is shown in Figure 6 - 33 for all the tested plain bars and in Figure 6 - 34 for 
all the tested ribbed bars.  Included in both figures is the strength reduction for cold 
formed reinforcement given in BS EN1992-1-2 [ 73 ]. When considering Figure 6 - 33 
and 6 – 34 it should be noted that the test results are plotted at 200ºC intervals and the 
reinforcement strength reduction factors are plotted at 100ºC. This means that between 
600 and 800ºC the line representing the reinforcement strength reduction crossed the 
bond reduction lines. 
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Figure 6 - 33 Reduction of plain bar bond strength with temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 34 Reduction of ribbed bar bond strength with temperature 
 
Comparison between Figures 6 – 33 and 6 – 34 shows that the plain bars have a greater 
reduction in bond strength with increase in temperature compared to the ribbed bars. 
This suggests that the bond is not solely governed by the strength of the weld and the 
behaviour of the transverse bar, but is also dependent on the type of bar. For the plain 
bars the loss of bond strength is significantly lower than the actual loss of strength of the 
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of the bar, suggests that the bond behaviour will influence the global behaviour of the 
member in fire by the possibility of the strain to be distributed along the bar. 
 
For the 6, 7 and 8mm ribbed bars, Figure 6 - 34 shows that the loss of bond strength is 
similar to the loss of the strength of the bar which, together with the observed failure 
behaviour of fracture of the bar in all tests, suggests that these size ribbed bars within a 
mesh can be considered as being fully bonded. The 10mm bar failed by splitting of the 
concrete (due to the low cover-bar diameter ratio) and below 400ºC had a greater 
reduction in bond strength compared to the smaller bars. 
6.6.3 Mode of Failure 
As discussed in Chapter 2, there are two modes of bond failure; splitting and pull-out 
failure which are a result of a variety of factors. However, the combination of the type 
of bar and concrete cover are the most significant factors to determine the mode of 
failure. 
For ribbed bars if the cover is small and no transverse steel is present, a splitting type of 
failure will develop. However, if the cover is large enough or a large quantity of 
transverse reinforcement is provided, a pull-out failure will occur or the bar will yield. 
 
For plain bars, the failure mode is usually by pull-out, once the adhesion between the 
bar and concrete is lost, unless the cover/bar diameter ratio is small 
6.6.3.1 Ambient Temperature 
In the experimental programme, besides the bond strength developed by the bar-
concrete interaction, the failure was also influenced by the presence of the transverse 
bar, which was welded to the longitudinal bar.  
 
With concern to the mode of failure, the welded mesh presented a comparable 
behaviour to a single bar, however with an increase of bond strength. The transverse bar 
produced internal forces, due to the weld, opposing the displacement of the bar and 
increasing the bond strength, as shown in Figure 6 - 35 
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Figure 6 - 35 Forces Diagram 
 
For plain bars, the increase of bond strength created by the transversal bar was not 
sufficient to affect the pull-out mode of failure. The behaviour observed was breakdown 
of the weld link between the bars followed by the pull-out of the bar. As a result, the 
entire plain bars group failed, similar to a single bar test, by pull-out. 
 
For the deformed bar group, even with a cover/bar diameter ratio relatively small, the 
failure mechanism was yield of the bar due to the increasing of bond strength caused by 
the presence of the ribs in the deformed bars. 
6.6.3.2 Elevated Temperature 
The failure mechanisms of the specimen, within the group, tested at elevated 
temperatures were the same in comparison to the ambient temperature; however the 
bond strength was lower. Hence, the effect produced by the transversal bars was the 
same as observed at ambient temperatures. 
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The only exception was the 10 mm ribbed bar. Once the cover/bar diameter ratio was 
too small, the presence of the transversal bar was not enough to avoid pull-out failure, at 
elevated temperatures. Consequently, with the weld link being broken, bars were pulled 
out due to the splitting of the concrete 
 
For the plain bars a considerable reduction in weld strength and, consequently bond 
strength, was observed. As in ambient temperatures, the main factor controlling the 
behaviour of the plain bars specimens was the presence of the weld linking the 
longitudinal and transversal bars. Once the weld link was broken the bar was pulled-out. 
Hence, the increase of temperature reduces the bond strength for plain bars. The only 
exception was the 6 mm bar at temperatures above 800 °C, in which the reduction in the 
steel strength due to the temperature causes the failure of the specimen. The mode of 
failure for the pull-out tests of the plain bars group are shown in Figure 6 - 36 and 
summarized in Table 6 - 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 36 Mode of Failure for the Plain Bars: (a)8 mm plain bar specimen after pull-
out failure with the concrete intact; (b)weld link broken; (c) pull-out of the bar 
(a) 
(b) 
(c) 
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Table 6 - 4 Mode of Failure for Plain Bar 
 
For the ribbed bars the failure mode was determined by the fracture of the bar with the 
weld link maintained intact. Even with the reduction in bond and in steel tensile strength 
with the increase of the temperature, the presence of the transversal bar avoided the 
pull-out failure, shown in Figure 6 - 37. Moreover, the reduction of the tensile strength 
of the longitudinal reinforcement with the temperature governs the failure of the ribbed 
bar specimen, which is confirmed by the position of the bar fracture. At elevated 
temperatures the fracture point is close to the central part (weld position), whereas at 
ambient temperature the fracture occurred outside the specimen. 
 
 
 
 
 
Group Test Temperature (°C) Mode of Failure
Ambient Temperature Pull-out
200 Pull-out
400 Pull-out
600 Pull-out
800 Fracture at Point C
1000 Fracture at Point C
Ambient Temperature Pull-out
200 Pull-out
400 Pull-out
600 Pull-out
800 Pull-out
1000 Pull-out
Ambient Temperature Pull-out
200 Pull-out
400 Pull-out
600 Pull-out
800 Pull-out
1000 Pull-out
Ambient Temperature Pull-out
200 Pull-out
400 Pull-out
600 Pull-out
800 Pull-out
1000 Pull-out
6P
7P
8P
10P
A A 
B B 
C C 
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Figure 6 - 37 Mode of Failure for the Ribbed Bars: (a)7 mm ribbed bar specimen after 
fracture of the longitudinal bar with the concrete intact; (b)bar broken; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6 - 5 Mode of Failure for Ribbed Bars 
Group Test Temperature (°C) Mode of Failure
Ambient Temperature Fracture at Point A
200 Fracture at Point A
400 Fracture at Point C
600 Fracture at Point C
800 Fracture at Point C
1000 Fracture at Point C
Ambient Temperature Fracture at Point A
200 Fracture at Point B
400 Fracture at Point C
600 Fracture at Point C
800 Fracture at Point C
1000 Fracture at Point C
Ambient Temperature Fracture at Point A
200 Fracture at Point B
400 Fracture at Point C
600 Fracture at Point C
800 Fracture at Point C
1000 Fracture at Point C
Ambient Temperature Fracture at Point A
200 Pull-out
400 Pull-out
600 Pull-out
800 Pull-out
1000 Pull-out
6R
7R
8R
10R
A A 
B B 
C C 
(a) (b) 
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6.7 Comparison with Other Published Results 
6.7.1 Morley and Royles Test Results 
As briefly mention in Section 2.2.4.3., Morley and Royles [ 55 ] tested a 300 mm high 
cylinder with a 16mm diameter deformed bar bonded within the central portion over 
32mm of its length. Different covers were studied and the diameters of the cylinder 
varied in accordance with the cover. The bond length adopted was two bar diameters to 
simulate a local bond stress conditions without being too small in relation to the 
aggregate size.  
 
They considered four different test conditions: stressed during heating and loaded to 
failure when hot, stressed during heating and loaded to failure when cooled, no applied 
stress during heating and loaded to failure when hot and no applied stress during heating 
and loaded to failure when cooled. The temperature range considered was 20°C - 
750°C.  
 
The test equipment, previously described and shown in Figure 4 - 2, permitted the end 
of the reinforcing bar to extend through the furnace base to a hydraulic loading, 
arrangement which incorporated a 50kN load-cell. The load was applied to that end and 
the relative slip was measured utilizing displacement transducers placed at the other 
end. 
 
Figure 6 - 38 shows the relative bond strength for the test conducted with a concrete 
cover of 55mm and with no applied stress during heating and loaded to failure when 
hot, equivalent to the author’s steady-state test. 
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Figure 6 - 38 Relative bond strength for ribbed bars according to Morley and Royles [ 55 ] 
6.7.2 Diederichs and Schneider Test Results 
Section 3 provided a description of Diederichs and Schneider [ 64 ] experimental 
results. They conducted pull-out tests using cylindrical concrete specimens with short 
embedment lengths. Two different types of experiment were carried out: force-slip 
measurement at thermal steady state and at non-steady state conditions, in the 
temperature range 20 to 800°C. The variables were the different type of reinforcement, 
ribbed steel and plain round steel bars. The geometry of the test specimens was 
determined on the basis of the RILEM/CEB/FIB recommendations [ 42 ]. The relative 
bond strength for the steady-state test is presented in Figure 6 - 39. 
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Figure 6 - 39 Relative bond strength for ribbed bars according to Diederichs and 
Schneider [ 64 ] 
 
6.7.3 Hertz Test Results 
Hertz [ 74 ] presented a different method to determine the bond –slip relationship, the 
cuff test in which a conical concrete specimen with a central reinforcing bar is used. The 
specimen rests in a spherically seated conical bearing block and, when the bar is pulled-
out, compressive stresses act on the bar at 45° to the bar axis, as shown in Figure 6 - 40. 
A series of 280 specimens with different bar types and diameter varying from 8mm to 
25mm were tested. Steady-state tests with a heating rate of 1°C/min were carried out for 
temperatures varying from 20 to 800 °C. 
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Figure 6 - 40 The Cuff Test set up[ 74 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 41 Relative bond strength for ribbed bars according to Hertz [ 74 ] 
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Figure 6 - 42 Relative bond strength for plain bars according to Hertz [ 74 ] 
 
6.7.4 Comparison of the Test Results 
Figures 6 – 43 and 6 – 44 show a summary of the experimental results conducted by 
Morley, P. D. and Royles, R. [ 55 ], Diederichs, U . and Scheinder, U. [ 64 ], Hertz, K [ 
74 ], and the author. 
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Figure 6 - 43 Comparison of relative bond strength for ribbed bars 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - 44 Comparison of relative bond strength for plain bars 
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Due to the presence of the transversal bar the relative reduction of bond strength 
obtained in the tests is similar to the results of the other authors. Even using smaller 
diameter bars, in comparison to the other results, the relative bond strength–
temperatures curves of the experimental programme is characterized by lower 
decreasing of bond strength with increasing of the temperature. 
 
For plain bars the relative bond strength behaviour shown in Figure 6 - 44 are 
equivalent for the most of the temperatures, the main divergence presented is at 600°C, 
which for the conducted tests the bond strength reduction is not as significant as the 
reduction in the other authors’ results. 
 
For the ribbed bars due to the presence of the transversal bar and the weld link the 
reduction of bond strength obtained in the tests are lower in comparition to the other 
authors’ results, although the shape of the curves are similar. 
 
 
 
 
 
 7 CHAPTER 7 
FINITE ELEMENT MODELLING OF BOND AT AMBIENT 
TEMPERAURE  
 
 
 
7.1 Introduction 
 
As was discussed in Chapter 1, in fire conditions, large displacements of composite 
floor plates are expected; therefore, tensile membrane action will occur improving the 
load carrying capacity. In this condition, the mechanism of failure is characterized by 
localised full-depth cracks through the concrete followed by fracture of the 
reinforcement which will depend on the bond of the bars. 
 
In order to investigate the effect of bond in composite slabs, the bond strength-slip 
relationship obtained in the experimental programme carried out by the author was 
incorporated into a large-scale slab model using the finite element method.  
 
The finite element model was based on the Building Research Establishment (BRE) 
experimental programme [ 10 ] in which a 9.5 m × 6.5 m composite slab was tested to 
failure. The purpose of the BRE investigation was to simulate the behaviour of the slab 
in fire, focusing on tensile membrane action.  
 
The BRE large-scale test [ 10 ] was conducted at ambient temperatures due to problems 
of using measuring devices on structural tests at elevated temperatures, together with 
the necessary safety requirements for fire tests. However to simulate the behaviour of 
the slab in fire condition some changes on the test design were considered and will be 
mention in further sections.  
 
Chapter 7: Finite Element Modelling of Bond at Ambient Temperature 
 120
The finite element package TNO DIANA [ 9 ] was used to model the slab studied in the 
BRE large-scale test [ 10 ]. To simulate the bond between the concrete and bar and its 
effect on the behaviour of the composite slab, the interface bar-concrete was modelled 
discretely using interface elements available in DIANA [ 9 ]. Moreover, to describe the 
relation between the bond stress and the relative displacements, the bond strength – slip 
relationship obtained in the experimental programme was applied to the interface 
elements by a multilinear bond-slip curve option available in DIANA [ 9 ]. 
 
7.2 Finite Element Formulation for Structural Mechanics 
7.2.1 Basic Concepts 
The finite element method is a numerical procedure used to solve problems in 
engineering analysis and design. The basic process involving the finite element analysis 
can be described by the division of the structure into elements connected by nodes; 
creating and discretizing the solution domain into finite elements. [ 75 ] [ 76 ] [ 77 ].  
 
The physical behaviour of the created elements is represented by a shape function (or 
interpolation function), and based on the static equilibrium condition, the load vector 
and stiffness matrix of the elements are determined. Since the characteristics of the 
elements were determined, the global stiffness matrix is constructed by the assembling 
of the elements, to represent the entire structure. Therefore, the general form of the 
finite element analysis for solid mechanics problems is established, as presented in 7. 1. 
 
[global stiffness matrix] [displacement vector]=[load vector] 
fKu =
 
7. 1 
 
In  7. 1 the [displacement vector] is related to the vector of the unknown nodal degrees 
of freedom, it can also be velocity or a Lagrange multiplier depending on the type of 
analysis. The solution of the simultaneous algebraic equation presented in 7. 1 consists 
in finding the nodal results that equilibrate the internal and external forces.  
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When the relation between the vector of nodal forces and the solution vector is linear, 
the set of algebraic equations is directly solved from 7. 1. However, in the nonlinear 
case, the problem cannot be approached directly. The structure is not only discrete in 
space (with finite element) but also in time (with increments) to determine the state of 
equilibrium. Therefore, an iterative solution algorithm has to be used to reach 
equilibrium at the end of the increment, resulting in an incremental-iterative solution 
procedure. 
 
As far as incremental-iterative procedure is concerned, the external force vector is 
increased at the start of the increment and the displacement increment is determined 
iteratively until equilibrium is reached, as shown in Figure 7 - 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 1 Incremental-iteration procedure of the Finite Element Method 
 
In relation to the incremental procedure, the load-control associated with the arc-length 
method was adopted in the structural analysis. In this method, the increment of load step 
size is adapted at each iteration so that the solution follows some specified path until 
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convergence is achieved. The benefit of using this method is the possibily of passing the 
snap- through and snap-back stage, as shown in Figure 7 - 2. 
 
 
 
 
 
 
 
Figure 7 - 2 (a) Arc-length control, (b) snap-through, (c) snap-back 
 
Regarding the iteration procedure, there are three methods available in DIANA [ 9 ] - 
regular Newton- Raphson, modified Newton- Raphson and the Secant method. In terms 
of stability, time of analysis and final result, the regular Newton- Raphson was the most 
efficient method. Consequently, this method was used in the structural analysis. For a 
more detailed description of the incremental-iterative procedure, refer to references [ 77 
] [ 78 ] [ 79 ] 
7.3 Material Properties: Constitutive Models 
The constitutive model, establishing the appropriate description for the behaviour of the 
material, is an important aspect in nonlinear structural finite element analysis. 
 
Based on the stress-strain response, a material can be classified as brittle, ductile, or 
quasi-brittle. In case of brittle material, when the fracture occurs the stress immediately 
drops to zero, in contrast, the stress remains constant when a ductile material yields. In 
relation to the quasi-brittle material, the stress gradually decreases after the peak stress 
is reached. [ 80 ] 
 
As far as the material categorization is concerned, concrete is considered as a quasi-
brittle material, whereas reinforcing steel is characterized as ductile material.  
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With reference to the failure mechanism of concrete and reinforcing steel, there are 
variations to be considered. In other words, different fracture mechanics models are 
required for concrete and reinforcing steel. 
 
More details concerning the concrete and reinforcing steel properties will be presented 
in following sections. 
7.3.1 Tensile Behaviour of Concrete 
Concerning the tensile response, concrete is considered a material, in which a 
significant nonlinear zone develops at the crack front, when the maximum stress is 
reached. The development of this inelastic zone, identified as the fracture process zone, 
usually results in a “softening” behaviour in the load-deformation response. [ 80 ] [ 81 ] 
 
The concrete structure failure is characterized by development of the fracture process 
zone at the critical section. Therefore, the failure should be described in terms of energy 
rather than strength; considering not only the elastic energy but also the inelastic energy 
in the fracture process zone. The utilization of principles of linear elastic fracture 
mechanics (LEFM) or nonlinear fracture mechanics can establish the energy criterion 
for failure. 
 
However, the LEFM procedure is inadequate for regular size concrete structure. Since 
the fracture process zone of concrete is not small, the validity of LEFM is restricted to 
large structures, in which the fracture zone is small in relation to the structure 
dimension. As a result, to model the failure of concrete properly, nonlinear fracture 
mechanics should be used. [ 81 ] [ 82 ][ 83 ][ 84 ] 
7.3.1.1 Nonlinear Fracture Mechanics Models for Concrete 
In the early investigations [ 85 ] [ 86 ], the uniaxial tensile test shown in Figure 7 - 3 
was used to characterize the tensile concrete behaviour. The concrete prism was loaded 
and the deformations were measured over the length A, B and C. It was assumed a 
uniform stress distribution over these measuring lengths and based on deformations the 
strain was determined. 
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Before the peak load is reached, some microcracks occurred, however at the macro-
level they are assumed uniformly distributed, therefore the stress-strain curve is nearly 
linear and the behaviour of the region A, B and C were similar. Increasing the loading to 
a certain stress level, the tensile cracks tended to accumulate in a localized zone, and the 
final failure occurred due to one single crack 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 3 Concrete Tensile Stress-strain Behaviour [ 86 ] 
 
If the crack is formed in the length A, the result is a strain-softening diagram, however, 
in the area coved by gauge B the unloading is observed due to the reduction of load-
carrying capacity in the crack zone. The gauge C presented a simplistic average 
deformation of gauge A and B. 
 
This process of representing the tensile behaviour by the stress-strain relationships, 
assuming uniform stress distribution, is acceptable in the pre-peak stage; however, in 
the post-peak stage, since the total deformation is the sum of elastic deformation and 
crack opening (plastic deformation), the direct stress-strain representation is unsuitable.[ 
87 ] 
 
In 1976 the “fictitious crack model” was proposed by Hillerborg et. al.[ 88 ] in which 
the width of fracture process zone is described by a fictitious line crack that transmits 
normal stress. Moreover, the model represents the tensile behaviour of the concrete in 
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terms of the stress-strain relationship for the concrete outside the crack and stress-crack 
width diagram for the crack itself. Figure 7 - 4 presents the basic concept of the 
fictitious crack model. 
 
The crack will propagate when the stress at its tip reaches the concrete tensile strength, 
and once the crack opens the stress reduces with the increase of the crack width. At w0 
the stress is zero and for w< w0 (corresponding to the fracture process zone) the stress is 
a function of the crack width. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 4 Fictitious crack model. [ 87 ] [ 88 ] 
 
The area under the stress-crack width curve is the amount of energy per cracked area 
necessary to widen the crack from zero to w0 (crack propagation), named the fracture 
energy.  
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Following the same principle of modelling the fracture process zone, Bazant and Oh [ 
89 ] proposed a “Crack Band Model”. In the model, a band of uniformly and continuous 
distributed microcracks with a fixed width, hc, represented the fracture zone.  
 
A simple stress-strain relationship was proposed to represent the progressively 
microcracking within the band, as shown in Figure 7 - 5. 
 
 
 
 
 
 
 
 
 
Figure 7 - 5 Crack Band Model for Fracture of Concrete [ 80 ][ 89 ] 
 
The “fictitious crack model” and “crack band model” present essentially the same idea 
of represening the fracture process zone in a simplified form. However, the “crack band 
model”, is developed in the context of continuum mechanics whereas the crack is 
discretely represent in the “fictitious crack model”. [ 90 ] 
 
In both fracture mechanics models a unique stress-crack width relationship, i.e. the σ(w) 
curve is necessary to quantify the energy dissipation. Therefore, the prediction of the 
structural response is significantly influenced by the shape of σ(w) and the local fracture 
behaviour. [ 91 ] 
 
The most direct way to obtain the σ(w) curve for concrete is experimentally by a 
deformation controlled uniaxial tensile test. However, due to the unstable behaviour of 
the concrete in tension the test is difficult and the results may vary with the specimen 
shape and size. [ 80 ] 
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The fracture model implemented in DIANA [ 9 ] is the “crack band model” together 
with a range of tension softening curves. Therefore, the “crack band model” with the 
Hordijk et al [ 92 ] nonlinear curve was adopted in the structural analysis. In [ 87 ][ 92 ], 
an extensive analysis in terms of experimental results is presented justifying the use of 
Hordijk et al [ 92 ] nonlinear curve for representation of concrete tensile behaviour. 
Figure 7 - 6 shows the softening curve used in the analysis. 
 
 
 
 
 
 
 
 
 
Figure 7 - 6 Nonlinear Tension Softening curve Based on Hordijk et al [ 92 ] 
 
The Hordijk et al [ 92 ] softening function is given by: 
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7. 3 
with the parameters c1 = 3 and c2 = 6.93 
 
The ultimate crack strain then reads 
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In 7. 4 the crack band width hc is relative to the distance between the integration point; 
when solid element are used hc = 3 V with V the volume between the integration points. 
 
The tensile strength of the concrete according to BSEN1992:1-1 [ 93 ] and CEB-FIP 
(1990) [ 94 ] is related to the compressive strength: 
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3
2
3.0 ckt ff =   [N/mm2] 7. 5 
 
Moreover, the fracture energy Gf is considered a material parameter, related to the 
compressive strength, and the maximum aggregate size. According to CEB-FIP (1990) [ 
94 ] the fracture energy is given by: 
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with GFo depending on the maximum aggregate size, as shown inTable 7 - 1. 
 
 
 
 
 
 
Table 7 - 1 Fracture Energy 
7.3.1.2 Crack Concepts 
The tensile constitutive model of concrete, i.e. the stress-softening relationship, was 
presented in the previous section. Therefore, the crack initiation and progressively 
microcracking within the fracture process zone has been explained. 
 
However, it is still necessary to determine the mechanics of crack concepts in which 
constitutive models are implanted; in other words, the crack representation.[ 95 ] [ 96 ] 
Crack concepts are divided into discrete concepts and smeared concepts. According to 
the former concept, once the criterion of crack initiation is attained, an individual crack 
is modelled by a geometrical discontinuity. Whereas the latter approach, assumes that 
the cracks are distributed over a continuum. Figure 7 - 7 illustrates the two concepts of 
modelling cracking. 
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Figure 7 - 7 (a) Discrete Crack Model (b) Smeared Crack Model [ 89 ] 
 
The discrete crack approach correctly represents the physical concept of fracture in the 
case when a dominate crack occurs, by the introduction of a discontinuity between two 
concrete elements. Whereas in structures with distributed fracture the smeared crack 
approach seems closer to physical reality. In fact, the smear crack concept does not 
restrict the formation of a crack in any direction and its development is distributed over 
the concrete element. Since the structure to be modelled in the present work presents 
distributed fracture process resulting in a localized crack the smeared cracking was 
applied.  
 
Moreover, in terms of computational convenience, discrete crack concepts leads to 
some disadvantages. Since the mesh needs to be discontinued at the critical section 
where the crack will occur, it is therefore necessary to pre-determine the crack location 
and the initiation direction, moreover, due to this discontinuity extra degrees of freedom 
are introduced into the model. Another disadvantage of the discrete crack concept is the 
fact that the mesh needs to be regenerated every time a new crack is formed. 
Multi-directional fixed smeared crack concept  
With regard to the crack approach, non-orthogonal cracks within the smeared crack 
concept was adopted. The method assumes the decomposition of the total strain 
increment into crack strain increment and into intact concrete stain increment (between 
the cracks).[ 97 ] [ 98 ] 
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The total strain vector relative to the global coordinate is: 
 
 
Moreover, the crack strain increment can be sub-divided into a number of individual 
crack strain increments of a particular integration point; therefore, it is possible to model 
multiple cracks simultaneously formed.  
 
where ∆εcr1 is the crack strain increment due to a primary crack, ∆εcr2 is the crack strain 
increment due to secondary crack and so on. 
 
However, the formation of the secondary crack only occurs if the major principal stress 
exceeds the tensile strength and if the angle between the primary crack and the 
secondary crack exceeds a threshold angle, α=60°.[ 95 ] 
 
 
 
 
 
 
Figure 7 - 8 Multi-directional Fixed Crack Model 
 
Considering the local coordinate system, as shown in Figure 7 - 8 the strain increments 
vector of an individual crack i is given by, 
 
 
In 7. 9, ∆einn,cr and ∆γint,cr represents the normal and the shear crack strain increment, 
respectively. 
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Assembling all the individual crack strain increments in a vector, ∆ecr, leads to, 
 
where the subscript nn and nt  have been excluded for convenience. 
 
It is possible to obtain the vector which contains the stress increments for each crack, in 
the similar form of the strain vector; resulting in: 
 
where ∆sicr is the normal stress increment and ∆ticr is the shear stress increment. 
 
Once the strain vector associated with the multidirectional cracks and the corresponding 
cracks stress vector are obtained, in the local coordinate system, an appropriated 
rotation transformation matrix, N, is used to determine both vectors in the global 
system. 
 
 
 
To describe the structural behaviour, the constitutive relation for the intact concrete and 
stress-strain law for the crack are necessary, resulting in: 
 
And, for the smeared cracks: 
 
 
[ ]Te ncrncrcrcrcrcrcr eee γγγ ∆∆∆∆∆∆=∆ L2211
 
7. 10 
[ ]Ts ncrncrcrcrcrcrcr tststs ∆∆∆∆∆∆=∆ L2211
 
7. 11 
crcr eN ∆=∆ε
 
7. 12 
σ∆=∆ TNs cr
 
7. 13 
coco εσ ∆=∆ D
 
7. 14 
crcrcr eDs ∆=∆
 
7. 15 
Chapter 7: Finite Element Modelling of Bond at Ambient Temperature 
 132
In Equation 7. 14, Dco incorporates the constitutive properties of the concrete between 
cracks (intact), whereas, Dcr contains the fracture concrete properties in term of strain-
softening presented in Equation 7. 15. 
 
So far, the considerations about multi-directional smeared crack only deal with the sub-
decomposition of cracks strain increments; however the sub-decomposition of the 
concrete strain is also possible. Therefore, this crack approach presents the capability of 
properly combining crack formation and other nonlinear behaviour, such as: plasticity 
and creep with thermal effects and shrinkage. 
7.3.2 Compressive Behaviour of Concrete 
The compressive behaviour of the concrete is characterized by linear behaviour up to a 
certain load followed by gradual strain softening until failure occurs by crushing. 
 
The process of compressive failure is governed by the crushing of concrete. At the 
linear-elastic stage (until 30% of the maximum compressive strength) the pre-existing 
micro cracks are stable and do not propagate. Increasing the load to the maximum 
compressive strength, macrocracks form due to growing and localization of 
microcracks. As a result of macrocracks increasing, strain softening and subsequent 
failure occurs, as it is shown in Figure 7 - 9. 
 
 
 
 
 
 
 
 
Figure 7 - 9 Concrete behaviour under uniaxial compressive loading. 
 
Analogous to the concrete tensile behaviour, the compressive constitutive model will be 
formulated by a smeared concept in which the damaged material is considered to be 
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distributed in a continuum. Moreover, the material damage is represented by an internal 
parameter, κ, which is related by an equivalent length to the released energy per unit 
crushed area, the compressive fracture energy, Gfc.[ 99 ] [ 100 ] [ 101 ] 
7.3.2.1 Plasticity Models for Concrete 
The same principle of strain decomposition, presented to represent the tensile 
behaviour, will be assumed to model the concrete under compressive stress. Regarding 
this decomposition, the total strain is the sum of elastic strain and irreversible or plastic 
strain, as follows:  
 
 
For the elastic regime all deformations are recovered upon unloading, consequently the 
Hooke’s law is valid and the relation between total stress and elastic strain is determined 
as: 
 
with D the material stiffness matrix 
 
For the plastic state, the formulation is based on three fundamental assumptions: the 
initial yield surface, the hardening rule, and an appropriate flow rule.  
 
Once the state of stress exceeds the elastic limit, plastic flow is initiated. This stage is 
specified by the yield condition which is written as a function (commonly named 
hardening law) of the stress vector and the internal state parameter: 
 
 
In the case where the yield condition is less than zero, the concrete behaviour is 
assumed to be elastic and no plastic flow will occur. A state at which the yield condition 
pe εεε +=
 
7. 16 
eεσ D=
 
7. 17 
( )κσ ,ff =
 
7. 18 
Chapter 7: Finite Element Modelling of Bond at Ambient Temperature 
 134
becomes greater than zero, is only admissible for viscoplasticity. Therefore, yielding 
can only occur if the stress, σ, satisfies the general yield condition: 
At the yielding process, the relation between the plastic strain rate and the state of stress 
is given by the flow rule. Moreover, evolution of the internal state parameter as a 
function of the stress and the plastic strain is specified by the hardening hypothesis, as 
follows. 
Drucker-Prager Plasticity Model 
With regards to the plasticity approach, although DIANA [ 9 ] presents several models, 
the more appropriated one to three-dimensional analysis (i.e. use of solid elements) is 
the Drucker-Prager model [ 102 ], adopted in the structural modelling. Figure 7 - 10 
presents the Drucker-Prager model for uniaxial compressive behaviour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 10 (a) uniaxial stress-total strain, (b) uniaxial stress-plastic strain (c) strain-
hardening [ 102 ] 
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The total stress-strain adopted in the structural analysis has been modified from the 
relationship given in BSEN1992:1-2 [ 73 ], as shown Figure 7 - 10 (a and b): 
 
 
Figure 7 - 10(c) presents the strain hardening hypothesis which relates the uniaxial 
plastic strain and the internal state variable adopted in the compressive constitutive 
model. The relation between the plastic strain and the equivalent strain (internal state 
variable) is based on the Drucker-Prager formulation, as follow: 
 
with φ the internal friction angle, fuction of the internal state parameter (κ) and chosen 
as 10º. 
 
Moreover, Figure 7 - 10(c) shows the parabolic equivalent stress-equivalent strain curve 
(the hardening function) implemented in the model according to Feenstra [ 99 ], given 
by: 
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In addition, the maximum equivalent strain κ = κu is determined by the compressive 
fracture energy Gfc, and the element size h, resulting in  
 
 
Finally, the relation between the compressive stress and the equivalent cohesion, based 
on Drucker-Prager model [ 102 ], is given by 
 
The compressive behaviour of the concrete described in this section was simulated in 
the structural analysis, by a user specified subroutine, presented in Appendix. 
7.3.3 Biaxial Behaviour of Concrete 
Kupfer and Gerstle [ 103 ] carried out proportional biaxial loading test on concrete that 
shows the behaviour of concrete is not only influenced by the type of stress (tension or 
compression) but also by the stress condition (uniaxial, biaxial, multiaxial). The test 
results are shown in Figure 7 - 11 [ 103 ]. 
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Figure 7 - 11 Biaxial Strength of Concrete [ 103 ] 
 
With regards to the biaxial compression condition, the concrete exhibits an increase in 
compressive strength of 25% at a stress ration of σ1/σ2 = 0.5, and when the stress ratio 
σ1/σ2 is equal to 1 the maximum compressive strength increases approximately 16%. 
This strength improvement is owing to the internal friction and aggregate interlock. [ 
99] [ 104 ] 
 
In relation to the biaxial tension, concrete behaviour exhibits constant or slight increase 
of the tensile strength compared with that under uniaxial loading. 
 
Considering the combination of tension and compression, the tensile strength is reduced 
by the compressive stress, which is justified by the introduction of micro-level tensile 
stresses due to the heterogeneity of the material, increasing the process of internal 
damage. [ 104 ] 
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Drucker-Prager Biaxial Model 
To represent the failure of the concrete in tension and compression in biaxial analysis 
failure envelopes are employed. Once the failure surface is reached, yielding initiates in 
compression state, whereas cracking occurs in tension. 
 
Following the same principle of the uniaxial concrete behaviour the Drucker-Prager 
yield criteria [ 102 ] was used in the structural analysis, as it is shown in Figure 7 - 12. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 12 Biaxial Failure Envelop [ 102 ] 
 
Regarding the tensile failure, crack initiation is governed by a tension cut-off criterion. 
Moreover, considering one principal stress direction the tensile strength of the concrete 
in this principal direction does not change with the introduction of a tensile stress in the 
other stress principal direction. Therefore, the tensile failure occurs if the tensile stress 
in a principal stress direction exceeds the tensile failure. 
 
In relation to the compression failure, the parameter of the Drucker-Prager failure 
surface [ 102 ], the friction angle φ and the cohesion were adjusted from the uniaxial 
behaviour for the biaxial behaviour. Since the relation between the uniaxial compressive 
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strength and the biaxial compressive strength is approximately 1.16 for normal strength 
concrete; the friction angle φ is approximately 10° and the cohesion c0.42fc = . 
7.3.4 Reinforcing Steel 
The properties of reinforcing steel, unlike concrete, are generally not dependent on 
environmental conditions or time. Therefore, a single stress-strain relation, established 
in uniaxial tensile tests, is sufficient to define the steel properties employed in the 
structural analysis. Moreover, the same stress-strain curve considered in tension is 
applied in compression. [ 96 ] 
 
A typical steel stress-strain relation exhibits an initial linear elastic portion, a yield 
plateau, a strain hardening range and, finally, a descending branch until fracture occurs.  
The curve adopted in the structural analysis was an elliptic stress-strain relationship 
according to the BSEN1992:1-2 [ 73 ], as is shown in Figure 7 - 13. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 13 Stress-strain relationship based on the BSEN1992:1-2 [ 73 ] 
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7.3.5 Compatibility between Concrete and Reinforcing Steel: Bond-Slip 
Behaviour 
As has been shown in the previous sections, concrete and reinforcing steel are highly 
unequal in their behaviour. For that reason, the two materials are considered as separate 
contributors to the overall stiffness and strength using the principle of superposition. In 
other words, to compensate for the softening of concrete, reinforcing steel is added to 
the structure. 
 
The assumption of overall perfect bond between concrete and reinforcement are 
commonly accepted. However, for problems of localized fracture, this assumption is 
unsafe and techniques that incorporate local bond-slip are required. [ 95 ][ 96 ] 
 
The bond-slip behaviour can be approached using three different methods: resolution of 
bond-slip, bond-slip interface analysis, and tension-stiffening. The first approach 
considers the micro-behavior in the vicinity of the reinforcing bar, in which secondary 
transverse and longitudinal cracks mechanisms are incorporated. The second method 
introduces traction-slip behavior into the interface in order to predict the localized 
primary cracks. And finally, in the third approach the tension stiffening accounts for the 
bond characteristics in an indirect and global manner.[ 95 ] 
 
Since the use of the first approach becomes too specific in the structural analysis model, 
it was decided to apply the second method without losing the required accuracy. 
Bond-slip Interface Model 
The bond-slip behaviour can be represented by the application of the relationship 
between the tractions and the relative displacements to the interface surface between the 
reinforcement bars and the concrete. This procedure is modelled by the interface 
element with a zero thickness.  
 
In DIANA [ 9 ], there are several types of interface elements available, Figure 7 - 14 
shows the quadratic plane element used in the structural analysis.[ 79 ] [ 105 ] 
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Figure 7 - 14 Plane Interface Element [ 79 ][ 105 ] 
Considering the local coordinate system, n, s, t, where n denotes the direction normal to 
the interface surface and s and t denotes the directions tangential to the interface 
surface, the traction vector t is defined as:  
with tn the normal stress, ts and tt the shear stress in s and t direction, respectively.  
 
Moreover, the relative displacement vector ∆u is given by: 
 
The constitutive laws for bond-slip which have been proposed in DIANA [ 9 ] are based 
on a total deformation theory, which expresses the tractions as a function of the total 
relative displacements given by: 
 
In DIANA [ 9 ] the relationship between the normal traction and the normal relative 
displacement is assumed to be linear elastic, whereas the relationship between the shear 
traction and the slip is assumed as a nonlinear function; therefore tangential stiffness 
coefficients are given by: 
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The traction-relative displacement relationship, i.e. the constitutive laws for bond-slip, 
becomes: 
 
Once the bond-slip constitutive law was obtained, the relationship between shear 
traction and slip are necessary for a complete description of the bond-slip behaviour.  
 
Although two predefined curves are presented in DIANA [ 9 ], the possibility to define 
a user-defined multi-linear diagram is also available. Therefore, the bond-slip curves 
obtained in the experimental programme can be implemented in the model. 
 
The curves were presented in Chapter 6, according to the type and diameter of the bars, 
and different temperatures, for the 6 mm plain bar at ambient temperature the bond 
strength-slip relationship is given in Figure 7 - 15. Moreover, the linear relation between 
normal traction and normal relative displacement were considered appling a high value 
of κn to ensure that normal displacement did no occur. Shear relations for positive and 
negative values of slip are equal and the shear stress in s and t direction followed the 
same curve presented in Figure 7 - 15. 
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Figure 7 - 15 Bond Strength-slip for 6mm Plain Bar at Ambient Temperature 
 
7.4 Modelling the BRE Large Scale Test 
7.4.1 Test Design 
The design of the test was based on the Cardington full-scale fire test [ 3 ] [ 106 ]; 
therefore, the slab was similarly constructed (9.5 m x 6.5 m) with nominal horizontal 
restraint around its edges. 
 
Since the composite slab in the full- scale fire test [ 3 ] [ 106 ] reached temperatures 
above 1100 °C, reducing the strength of the steel decking to insignificant values it was 
removed from the slab test before the load was applied. 
 
The slab was produced with Grade C35 lightweight concrete with average cube strength 
of 52 N/mm2, cast onto a ‘PMF F60’ steel profile deck. Moreover, A142 mesh 
reinforcement (6mm diameter bars at 200 mm centres), placed 15 mm above the deck 
with the cross-wires placed downward was used. The yield stresses of 587 and 580 
N/mm2, and ultimate stresses of 643 and 638 N/mm2 for the longitudinal and transverse 
wires, respectively, were obtained. 
 
The measured average concrete depth was 150 mm, although the minimum specified 
design depth of the slab was 130 mm 
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Figure 7 - 16 presents the BRE large-scale test set-up and the slab cross-section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 16 BRE Test set-up and Slab Cross-section [ 10 ] 
 
The test procedure consisted of three main stages: removal of the steel deck from the 
concrete, placing the loading system onto the slab and loading the slab until failure. All 
the stages were continuously monitored. Transducers were used to measure the vertical 
and horizontal displacement of the slab displacement. The strains in the mesh 
reinforcement and in the concrete were monitored by strain gauges. 
 
Figure 7 - 17 shows the equivalent uniformed distributed load and the displacement 
measurements of the tested slab at critical stages of the test.  
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Figure 7 - 17 Load – displacement Curve of the Slab 
 
As expected when membrane action occurs, the failure of the slab was due to a large 
central crack forming, through the full depth, across most of the shorter span, as shown 
in Figure 7 - 18.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 18 Diagram of Slab Failure 
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After the central full depth crack was formed, the ultimate failure was characterized by 
the splitting of the slab into two, supported on three sides. Figure 7 - 18 shows the 
diagonal crack forming due to splitting. Moreover, the final crack is represented by the 
large rate of increase in displacement, followed by a plateau, presented in the Figure 7 - 
17. 
 
Moreover, the horizontal displacements were observed and measured during the test. 
The results showed that the slab is being pulled towards the centre in the direction 
perpendicular to the 9.5 m edge. 
 
Observations of the slab during and after the test suggested that, as expected in 
membrane action, a compressive ring was formed; presenting compressive failure of the 
concrete at the centre span of both the 9.5 m slab edges. For further details in terms of 
the test design and results refer to reference [ 10 ]. 
 
7.5 Finite element Formulation of the BRE Large-scale Test  
Figure 7 - 19 shows a representation of the finite element model used to simulate the 
behaviour of the tested slab (see details of the DIANA [ 9 ] input file in Appendix. Due 
to symmetry conditions only one quarter of the slab was modelled. 
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Figure 7 - 19 Representation of the Slab Model 
 
The boundary conditions were considered to be fixed in the horizontal and rotational 
displacement, perpendicular to the symmetry lines, creating lines of symmetry at these 
boundaries. 
 
The longitudinal and transverse dimensions of the model (4750 x 3220 mm) were based 
on the distance between the centres of the perimeter beams. 
 
The trapezoidal shape of the bottom part of the slab was disregarded and only the top 
part was considered. However, to determine the appropriate depth for the model, a 
sensitivity analysis was conducted. Three different depths were examined, 90mm - 
which represent the thickness above the top of the steel decking; 120mm – which 
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includes half of the thickness of the steel decking, approximately at the centroid 
position, and 150 – corresponding to the total depth. Figure 7 - 20 presents the mid-span 
load-deflection curves considering the three slab depth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 20 Model Behaviour Considering Different Depth 
 
Based on the sensitive analysis the slab depth adopted was 120 mm, as shown in Figure 
7 - 19. 
 
The reinforcing A142 steel mesh was modelled by an equivalent smeared steel layer 
with 0.14mm thickness, which provides the relative steel area of the bars incorporated 
in the slab. 
 
As mentioned previously, the bond between reinforcement and surrounding concrete 
was modelled discretely. Twenty-node isoparametric solid elements were applied to 
represent the concrete and steel, and to model the bond behaviour interface elements 
between two planes in a three-dimensional configuration were used. Figure 7 - 21 
illustrates the slab elements composition. 
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Figure 7 - 21 Representation of Elements Used in the Model 
 
In order to investigate the effect of mesh density on the slab behaviour three mesh 
disvision was considered. The initial mesh (coarse mesh) was divided in 6x5x4 x,y,z-
directions respectively, resulting in 180 elements. The second mesh studied (medium 
mesh) was divided in 11x10x6 x,y,z-directions respectively, resulting in 880 elements. 
The finest mesh considered was divided in 22x20x8 x,y,z-directions respectively, 
resulting in 4400 elements. Figure 7 - 22 shows the comparison between the three 
models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 22 Model Behaviour Considering Different Mesh Density 
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In the model with the coarsest mesh the solution accuracy reduced significantly. On the 
contrary, when the mesh is refined it can be noticed that the solution for structural 
analysis seems to converge. Although the medium mesh and the fine mesh presented 
similar results the computational time of the fine mesh was extensive. Therefore, in 
order to optimise computational time without compromising the accuracy of the 
solution, the 11x10x6 mesh was used in the structural analysis, as show in Figure 7 - 23 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 23 Model Meshing 
 
7.6 Validation of the BRE Large-scale Test Model. 
The principal purpose of the structural modelling was to determine the influence of the 
bond between the reinforcing mesh and concrete on the global slab behaviour. The 
principal validations of the structural finite element model were conductucted in terms 
of the vertical displacements at the mid-span of the slab, the development of the 
membrane action, and the total strain distribution on the slab. 
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The main limitation of the structural analysis is caused by the form of modelling the 
reinforcing steel as an equivalent layer. Since the tensile stress is distributed in the layer 
the concentration of tension, which leads to the failure at the middle of the slab, is 
insufficient to cause the full depth crack. Therefore, the ultimate failure characterized by 
the formation of a central full-depth crack followed by the fracture of the reinforcement 
was not simulated by the model. 
 
The reason for opting to model the reinforcement as a layer was to decrease the number of 
elements necessary to implement interface element. Since the bar diameter size was very 
small in relation to the slab dimensions, and to implement the interface element it was 
necessary to double node (one belonging to the concrete element and other to the steel 
element) the mesh become extremely fine with a great number of degrees of freedom. 
Consequently the computational time is unsuitable. 
 
The first validation of the structural finite element model was obtained by the analysis 
of the slab deformation. The comparison between the vertical displacements at the mid-
span of the BRE large-scale test slab (Figure 7 - 20) and the vertical displacements 
resulting of the structural analysis considered the bond-slip relationship is detailed in 
Figure 7 - 24. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 24 Validation of the Structural Model against the BRE Full-scale Test 
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The structural model relates considerably well the vertical displacements measured at 
the mid-span of the tested slab. However, as mention previously, the reinforcement was 
model as a layer, therefore the ultimate behaviour of the slab, which is shown in the load-
displacement curve by a plateau, was not modelled. 
 
An additional observation regarding the structural model deformation reflects the 
occurrence of the membrane action. In the BRE large-scale test a significant horizontal 
displacement perpendicular to the 9.5 m edges of the slab was recorded, owing to the 
presence of the membrane action. This behaviour is in accordance with the one 
predicted in the structural model, as it is shown in Figures 7 - 25and 7 - 26. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 25 Slab Deformed Shape 
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Figure 7 - 26 Edges of the Slab Edges Pulled towards the Centre 
The development of the membrane action in the structural model was also characterized 
by the analysis of the traction plot which was established by the combination of stress 
components at each integration point obtained in the model working out the principle 
stress direction and magnitudes to determine the in-plane forces within the slab. To 
combine vectorially the stress components at each integration point through the depth of 
the slab and to determine the traction forces through the slab a spreadsheet was devised 
by the author and are presented in Appendix. Two principal traction vectors are plotted 
at each Gauss point; the red vectors indicate compression and the blue tension, as 
presented in Figure 7 - 27. 
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Figure 7 - 27 Traction Plots 
 
From Figure 7 - 27 the formation of the compression ring around the edges of the slab 
can be seen, while its central areas are subject to biaxial tensile membrane forces. 
 
A further validation of the structural finite element model was conducted in terms of the 
total strain distribution on the tested slab. Figure 7 - 18 represents the slab the strain 
distribution in x-direction at the failure load, where the central full depth crack is 
formed in addition to the large cross diagonal crack. Moreover, on the underside of the 
slab the formation of cracks following the yield surface is also observed. 
 
The crack location and direction, represented by the concentration of tensile strain are 
presented in Figures 7 – 28 and 7 - 29; moreover, in Figure 7 - 30 the cracking zone of 
the slab at the failure load is shown. Due to the form of modelling the reinforcement, the 
location of the maximum total strain was not exactly at the mid-span; however it was 
acceptable since it was in agreement with slab response. 
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Figure 7 - 28 Contour plots of strain in x-direction at the Topside of Slab at Failure 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 29 Contour plots of strain in x-direction at the Underside of Slab at Failure 
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Figure 7 - 30 Cracking Pattern at the Failure 
 
7.7 Effect of the Different Types of Bar on the Slab Behaviour 
The experimental programme results have demonstrated that the bond-slip curve is 
directly related to the type of bar (plain or ribbed). Moreover, the mode of failure 
observed in the results was also dependent on the type of bar used. 
 
In Figure 7 - 31 the load-deflection at mid-span was plotted, where three different 
situations considering the bond-slip curve was implemented in the slab. In the first 
model, the bond-slip curve for a 6 mm plain bar was used. In the second model the 
bond-slip curve of 6 mm ribbed bar was used. Finally, in the third model, a fully bonded 
condition (i.e. no bond-slip curve) was adopted. It is important to mention that for the 
same reason explained before, the full-depth crack was not modelled. 
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Figure 7 - 31 Load-displacement relationship of different types of bar 
 
Due to the limitation of the model of representing the reinforcement as a layer, the 
perimeter of the bars, which will include the deformation of the ribbed bars, was not 
modelled. Therefore, the overall deflections of the three models were equivalent and the 
results found in the experimental programme which the bond-slip curve related to the 
type of bar affected the mode of failure of the structure, was not demonstrated in the 
slab model. 
 
A further analysis considering the total strain distribution in direction-x was conducted 
to compare the behaviour of the three models. 
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Figure 7 - 32 Contour plots of strain in x-direction, (a) plain bar, (b) ribbed bar and (c) 
fully bonded model 
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Figure 7 - 32 shows that although the load-displacement curves of the three models are 
similar, the strain distribution is in agreement with the results obtained in the 
experimental programme, in which it the bond between the plain bars concrete was 
broken and the strains were allowed to be distributed along the bar; and also that in the 
ribbed bars the elevated bond strength causes strain localisation in the bar at crack 
locations leading to rapid fracture of the bar.  
 
When the Figure 7 - 32(a), (b) and (c) are compared, even thought the reinforcement 
bars are modelled as a layer (the three models have this limitation), some suggestion 
about the failure of the slab can be made when the strain distribution is taking into 
account. The area in which the highest tensile strain is spread in the plain bar model is 
considerably larger in comparison to the other models. As a result, the maximum strain 
value of the plain model is also the lowest. The maximum strain of the plain model is 
36% and 50% lower than the maximum strain of the ribbed bar model and fully bonded 
model, respectively. Therefore, it can be assumed that the strain localization presented 
in the ribbed model and fully bonded model can conduct to premature failure affecting 
the failure model of the slab. 
 
An additional analysis of the three models considering the total strain distribution on the 
reinforcement layer at different load level was conducted, as shown in (Figure 7 - 33). 
Due to the different bond-slip curves used in the models, the transmission of strain and 
consequently the stress between the reinforcement and concrete varies with the models. 
Moreover, the strain distribution on the reinforcement at different load level did not 
presented the same form on the three models which means the strain distribution 
processes were different depending on the bond-slip relationship implemented into the 
model. Once more, the ribbed model and fully bonded model presented higher lever of 
strain localization in comparison to the plain model indicating conformity with the 
experimental results. 
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Figure 7 - 33 Contour plots of strain in x-direction of the Reinforcement Layer 
 
7.8 Sensitivity Study on Different Bond Strength 
In the previous section, it was demonstrated that plain reinforcing mesh can improve the 
behaviour of composite slabs, due to its low bond strength. A parametric study was 
conducted considering further reductions on the bond strength to investigate its effect on 
the slab behaviour. Two additional models were created to be compared to the model 
with bond-slip curve for a 6 mm plain bar (total bond strength model). In the first model 
the bond strength was reduced to 10% of the original curve obtained in the experimental 
programme, and the second one the relation to the original was reduced to 1%.  
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Figure 7 - 34 shows the bond-slip curve implemented in the models. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 - 34 Reduced Bond Strength-slip Curves 
 
The results in terms of load-displacement for the total bond strength model and the two 
additional models are presented in Figure 7 - 35. Considering the model with 1% of the 
bond strength, it can be seen that the failure is premature, with the model failure load 
approximately 50% lower then the load test. Although the reduction of bond strength is 
beneficial, the lacking of bond compromises the behaviour of the structures. It is evident 
that some interaction between the concrete and reinforcement is essential for slab 
strength.  
Due to the limitation of the model, analogous to the situation presented in the previous 
section, concerning the deflection, the 10% bond strength model and the total strength 
model developed similar behaviour and compared reasonably to the test result. Hence, a 
further analysis was also conducted in terms of strain distribution, as shown in Figure 7 
- 36. 
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Figure 7 - 35 Load-displacement Relationship of Reduced Bond-strength 
 
The reduction of bond to 10% of the bond strength affected the distribution of strain, the 
area in which the maximum strain was spread decreased in relation to the area of 
maximum strain spread in the total bond strength model. Therefore, the further 
reduction of bond was not beneficial to the slab behaviour; in fact some interaction 
between the concrete and reinforcement is necessary for slab strength, as shown in the 
load-displacement curve for the 1% bond strength model. 
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Figure 7 - 36 Contour plots of strain in x-direction (a) Total Bond Strength (b) 10% of the 
Bond Strength 
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 8 CHAPTER 8 
FINITE ELEMENT MODELLING OF BOND AT 
ELEVATED TEMPERAURE  
 
 
 
8.1 Introduction 
In the preceding Chapter, a finite element model based on BRE large-scale test [ 10 ] 
was produced to investigate the effect of bond in composite slabs. Although some 
changes on the test design were considered to simulate the behaviour of the slab in fire 
conditions and occurrence of the membrane action was observed. Moreover, the 
behaviour of an isolated composite slab, which is the case of the BRE large-scale test [ 
10 ], differs considerable compared to a slab included in a building. This difference is 
attributed to the effect of the boundary conditions providing alternative load-paths with 
load redistribution. 
 
To investigate the behaviour of a structure in a real fire, a series of full scale fire tests [ 
3 ] [ 106 ] have been conducted in three buildings constructed from steel, concrete and 
timber at the BRE Laboratories at Cardington, UK. 
 
Therefore, in order to determine the effect of bond in a composite slab, which is part of 
a building, a finite element model based on one of the Cardington fire tests [ 3 ] [ 106 ] 
was developed. The fire test considered in the model was carried out in the corner bay 
on the second floor of the eight storey steel framed building.[ 125 ] 
 
The Cardington fire test model was developed using TNO DIANA [ 9 ]. To simulate the 
bond between concrete and bar, considering the effect of the temperature, the Author 
developed a user specified subroutine, presented in Appendix.  
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The interface bar-concrete was modelled discretely using interface elements available in 
DIANA [ 9 ] and the bond strength–slip-temperature relationships incorporated in the 
interface elements, using the Author specified subroutine, were determined in the 
experimental programme presented in Chapter  6 
 
The study consisted of two parts: the first part includes the thermal analysis of the 
composite slab based on the fire curves obtained in the Cardington fire test [ 3 ] [ 106 ], 
and the second part consists of the structural analysis considering the temperature effect. 
8.2 Finite Element Formulation for the Thermal Analysis 
Identical to the structural procedure, explained Chapter  7, the thermal finite element 
analysis is determined by an incremental-iterative solution procedure.[ 75 ] [ 76 ][ 77 ]  
 
The principal difference of thermal analysis from a structural analysis, consists in the 
division of the solution procedure in two phases: the calculation of the heat transfer 
within the element (conduction), and the calculation of heat transfer across the boundary 
(convection and radiation).[ 109 ] 
8.2.1  Conduction 
The temperature distribution within an element is governed by the Fourier law of heat 
transfer, which it is given (for one-dimensional case) as: [ 110 ] 
 
dx
dq θλ−=
 
8. 1 
 
where: q is the heat flux, λ is the thermal conductivity, θ is the temperature, and x is the 
distance. The minus indicates that the heat flow is in the direction of decreasing 
temperatures. 
 
Applying the Fourier law together with the element shape function, the conductivity 
matrix is constructed, which determines the relationship between the nodal temperatures 
and fluxes. By assembling all the elements, the system conductivity matrix can be 
Chapter 8: Finite Element Modelling of Bond at Elevated Temperature 
 
 166
constructed, which establishes the relation between all the nodal temperatures and the 
(external) fluxes, resulting in the potential flow finite element equations:  
 
QθCKθ =+
dt
d
 
8. 2 
 
with K is the conduction matrix, C the capacity matrix and Q the nodal discharge or 
external flux vector. 
 
Similar to the structural analysis, in the solution phase a set of simultaneous algebraic 
equations of the form presented in 8. 2 is resolved.  
 
The equations presented in 8. 2 are nonlinear, since the material properties vary 
according to the temperature. Therefore, an incremental-iterative solution procedure is 
necessary to determine the state of equilibrium. 
 
In terms of the incremental procedure DIANA [ 9 ] solves the potential flow finite 
element equations with direct time integration using a generalized trapezoidal rule, 
which means that for each step ∆t the Equation 8. 2 is calculated at time t + α ∆t. 
Several methods, depending on the value of α, are available in DIANA [ 9 ] to 
determine the incremental procedure. In this thermal analysis α = 1, which correspond 
to the Euler backwards iteration scheme. The reason of opting for Euler backwards 
scheme is that it holds first order accuracy without oscillations and it has numerical 
damping [ 79 ] 
 
The combination of the finite element equations and direct time integration results in: 
 
*** QθK =
 
8. 3 
 
where K* is the effective matrix, θ* is the vector of nodal potentials, and Q* the 
effective vector of nodal discharges.  
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As far as the iteration procedure is concerned, there are two methods available in 
DIANA [ 9 ] for the thermal analysis, the regular Newton- Raphson, and the modified 
Newton- Raphson. 
 
In terms of stability, time of analysis and accuracy, the regular Newton- Raphson is the 
most efficient method. Consequently, this method was used in the thermal analysis, as 
well. For more detailed description of the incremental-iterative procedure, reference is 
made to [ 79 ] [ 110 ]. 
8.2.2 Boundary Conduction: Convection and Radiation 
The surfaces of a structure exposed to fire is subjected to heat transfer by convection 
and radiation, although it is reasonable to considered that the radiation is the most 
dominant component. The net heat flux is given by: 
 
radcon qqq +=
 
( )
surgasconconq θθα −=
 
( )44 surgasresradq θθσε −′=
 
8. 4 
 
where q is the net heat flux, αcon is the convection coefficient, θgas is the gas 
temperature, θsur is the surface temperature, εres is the resultant emissivity, and σ’ is the 
Stefan-Boltzmann constant. 
 
To establish the heat transfer by convection and radiation on the structure, DIANA [ 9 ] 
offers a number of boundary elements. In the thermal analysis a 4-node quadrilateral 
isoparametric boundary elements with 2×2 Gaussian interpolation scheme was used. 
The boundary elements presented in DIANA [ 9 ] only allow a convection coefficient; 
therefore, a combination of convective and radiative heat flux was considered by an 
artificial total convection coefficient given as, 
 
( )
surgastotalq θθα −=  8. 5 
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Combining 8. 4 with 8. 5, the total convection coefficient is given by 
 
( )
surgas
surgas
rescontotal θθ
θθ
εσαα
−
−
′+=
44
 
8. 6 
 
The importance of simulating this total convection coefficient is due to the significant 
influence of the radiative heat flux on the thermal model, since it is proportional to the 
temperature to the fourth power, as shown in 8. 4. 
 
The characteristics of the boundary elements implemented in the structure surfaces were 
based on BSEN1991-1-2 [ 111 ]. For the non-fire exposed surfaces, a fixed temperature 
equal to the ambient condition on the boundary nodes was imposed, and the αcon equal 
to 8 W/m2K. For the fire exposed surfaces, the convection coefficient αcon was taken as 
25 W/m2K, the Stefan-Boltzman coefficient, σ’, equal to 5.677x10-8 W/m2K4, and εres 
was 0.7. 
 
The gas temperature to be incorporated in the heat transfer model can be obtained either 
from test or from predefined curves, for instance the standard fire curve from 
BSEN1991-1-2 [ 111 ]. Once the gas temperature – time function is adopted, αtotal can 
be assumed as a function of time and surface temperature, and therefore an input table 
(Appendix) can be implemented in the model. 
8.3 Thermal Material Properties 
In order to calculate the heat transfer and temperature distributions within the structure, 
the variation of material properties with temperature has to be determined. In the 
potential flow equations presented in 8. 2, K and C contain the material properties to be 
considered in the FE thermal response, which are the thermal conductivity, λ, and heat 
capacity, ρcp, respectively. 
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8.3.1 Thermal Properties of Concrete 
8.3.1.1 Thermal Conductivity 
Thermal conductivity is the material’s ability to conduct heat. In concrete, this property 
is directly influenced by the constituent aggregate. Investigations conducted by 
Schneider [ 112 ] [ 113 ] have demonstrated that the thermal conductivity of 
normalweight aggregate concrete is substantially higher in comparison to lightweight 
aggregate concrete. Moreover, in calcareous aggregate based normal concrete the 
thermal conductivity is lower than the siliceous aggregate based normal concrete. Figure 
8 - 1 shows the thermal conductivity curve of concrete based on BSEN1992:1-2  [ 73 ] 
and BSEN1994:1-2 [ 114 ]. The upper limit corresponds to siliceous aggregate based 
concrete and the lower for calcareous aggregate concrete. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 1 Thermal conductivity of concrete as function of temperature [ 73 ][ 114 ] 
 
Since the composite slab was built with lightweight concrete in the Cardington Fire test 
[ 3 ] [ 106 ], the lightweight concrete curve was used to determine the variation of the 
thermal conductivity with the temperature implemented in the model. 
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8.3.1.2 Heat capacity 
The heat capacity is the material’s ability to store heat, and is determined by the product 
of material density, ρ, and the material specifc heat, cp. 
 
In concrete, this property depends on the conductivities of its constituents, such as: the 
moisture content, the type of aggregate and the mix proportions. 
 
In terms of density, its variation with the temperature is influenced by the water loss [ 
115 ] and according to BSEN1992:1-2 [ 73 ] is given by:  
 
For 20°C ≤ θ ≤ 115°C         ( ) ( )Ccc °= 20ρθρ  
For 115°C <θ ≤ 200°C         ( ) ( ) 










 −
−°=
85
11502.0120 θρθρ Ccc  
For 200°C <θ ≤ 400°C         ( ) ( ) 










 −
−°=
200
20003.098.020 θρθρ Ccc  
For 400°C <θ ≤ 1200°C         ( ) ( ) 










 −
−°=
800
40007.095.020 θρθρ Ccc  
8. 7 
 
with the density of the lightweight concrete at ambient temperature, ρc(20°C), equal to 
2000 Kg/m3 according to BSEN1994:1-2 [ 114 ]. 
 
Shown in Figure 8 - 2 is the relationship for specific heat of lightweight and normal 
weight concrete. For the normal weight concrete the heat capacity is increased by free 
moisture and its evaporation is modelled by modifying the specific heat curve at a 
certain temperature. This is represented by the peak of the curve at 100°C, in which it is 
assumed that the free moisture starts evaporating and at 110°C all the free moisture is 
supposed to be evaporated.[ 110 ] [ 115 ] 
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Figure 8 - 2 Heat capacity of concrete including the effect of free moisture content.[ 73 ][ 
114 ] 
 
In the thermal model it was considered, as mention previously, lightweight concrete, for 
which BSEN1994:1-2 [ 114 ] adopts a constant value for the specific heat. 
8.3.2 Thermal Properties of Reinforcing Steel 
Concerning the thermal properties of the steel, it was shown in [ 109 ], the values of the 
thermal conductivity and heat capacity are independent on the use of steel (structural or 
reinforcing), on the strength, and on the steel grade. Therefore, the thermal properties 
curves for the reinforcement steel were based on the BSEN1993:1-2 [ 116 ] values. 
8.3.2.1 Thermal Conductivity 
The steel’s ability to conduct heat, the thermal conductivity, is recognized to be higher 
in comparison to concrete at ambient temperature, the same behaviour occurs with the 
variation of the temperature. 
Figure 8 - 3 shows the thermal conductivity varying with the temperature according to 
BSEN1993:1-2 [ 116]. 
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Figure 8 - 3 Thermal conductivity of reinforcing steel as function of temperature [ 116 ] 
 
It can be noticed that the thermal conductivity decreases linearly for temperatures up to 
800°C; beyond that temperature it remains constant. The formulation representing this 
behaviour is given by [ 116 ]: 
 
For 20°C ≤ θ ≤ 800°C         aa θλ 21033.354 −×−=  
For θ >800°C         3.27=aλ  
8. 8 
 
8.3.2.2 Heat capacity 
The heat capacity of the steel is also higher than the heat capacity of concrete at both 
ambient temperature and elevated temperatures. Concerning the two factors that affect 
the heat capacity, the density and the specific heat, only the latter varies with the 
temperature. According to BSEN1993:1-2 [ 116 ] the steel density is 7850 Kg/m3 and 
the specific heat is determined by: 
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For 20°C ≤ θ ≤ 600°C: 
36231 1022.21069.11073.7425 θθθ −−− ×+×−×+=ac  
 
For 600°C <θ ≤ 735°C: 
θ−
+=
738
13002666ac  
 
For 735°C <θ ≤ 900°C 
738
1780545
−
+=
θa
c  
 
For 900°C <θ ≤ 1200°C  
650=ac  
8. 9 
 
Figure 8 - 4 presents the variation of the specific heat with the temperature based on 
BSEN1993:1-2 [ 116 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 4 Specific heat of steel as function of temperature 
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The peak of the curve at around 750°C represents the decomposition of the ferrite (iron) 
which is a component of the steel. This decomposition causes instability to the material, 
with rapidly release of a high amount of specific heat. 
8.4 Mechanical Material Properties 
As was discussed in the Chapter 2, the material properties are significantly altered by 
exposure to high temperature, mostly concerning to the stiffness and strength reduction. 
Therefore, to model the structural response in the fire condition, it is necessary to 
determine the constitutive laws for the material mechanical behaviour which includes 
the effect of the elevated temperatures. 
 
In the following sections detail concerning the concrete and reinforcing steel 
mechanical properties at elevated temperature will be presented 
8.4.1 Tensile Behaviour of Concrete 
Concerning the tensile response at elevated temperature, it was demonstrated in [ 117 ] 
that concrete presents a significant nonlinear zone developed at the crack front even 
before the maximum stress is reached. The development of this premature inelastic zone 
results from the thermal expansion of the aggregates and the shrinkage of the cement 
paste. As a result, even at low stress level, cracks start to form through the concrete 
during the heating process, up to a stage when the strain localization occurs causing the 
final failure. 
 
The same approach adopted in the ambient temperature model, is repeated for fire 
condition; in which the failure is described in terms of elastic energy and inelastic 
energy of the fracture process zone, established by nonlinear fracture mechanics  
 
Regarding the concrete tensile behaviour in terms of nonlinear fracture mechanics, the 
crack band model with Hordijk et al [ 92 ] tension softening curve was adopted. In 
addition, BSEN1992:1-2 [ 73 ] provides tensile strength reduction factors as a function 
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of the temperature (Figure 8 - 5), which were incorporated in the Hordijk et al [ 92 ] 
curve. 
 
The option for Hordijk et al [ 92 ] nonlinear curve for representation of concrete tensile 
behaviour at elevated temperatures followed the same criteria presented in [ 87 ][ 92 ]. 
Moreover, parametric studies carried out in [ 118 ] supported this option. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 5 Tensile Strength Reduction Factors of as Function of the Temperature [ 73 ] 
 
Figure 8 - 6 shows the Hordijk et al[ 92 ]  nonlinear curve of concrete in tension at 
different temperatures together with the BSEN1992:1-2 [ 73 ] reduction factors 
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Figure 8 - 6 Hordijk et al [ 92 ]Tension Softening curve as function of Temperature  
8.4.2 Compressive Behaviour of Concrete 
The shape of the uniaxial compressive stress-strain diagram of concrete at elevated 
temperature is similar to the one at the ambient condition. No plasticity occurs under 
compression up to a 30% of the maximum compressive strength at elevated 
temperature; thereafter a gradual strain softening followed by crushing failure occurs. 
 
Analogous to the concrete compressive behaviour at ambient temperature, the 
compressive constitutive model at elevated temperature will be formulated in a smeared 
concept in which the damaged material is considered to be distributed in a continuum.  
Moreover, the Drucker-Prager model [ 102 ] was also adopted in the elevated 
temperature structural analysis. For more details related to the plasticity model, 
reference is made to Chapter 7 – Section 7.3.2. 
 
The stress-strain relationship of concrete under compression at elevated temperatures 
adopted in the analysis was modified from the relationship given in BSEN1992:1-2 [ 73 
], reference is made to Chapter 7 – Equation 7. 21.  
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Figure 8 - 8 shows the compressive stress-strain curve considering the effect of the 
temperature based on the Equation 7. 21. Additionally, the strength reduction factors 
presented in Figure 8 - 7 and strain values (εc,θ and εu,θ) specified in Table 3.1 of 
BSEN1992:1-2 [ 73 ] were applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 7 Reduction Factor of the Strength Corresponding to the Temperatures 
according to BSEN1992:1-2 [ 73 ] 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 8 Compressive Stress–strain of Concrete for Various Temperatures 
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In the Cardington Fire test [ 3 ] [ 106 ], the lightweight concrete was used in the 
composite slab; therefore, the reduction factor implement in the model corresponds to 
the lowest presented in Figure 8 - 7. 
 
The compressive behaviour of the concrete described in this section was simulated in 
the analysis, by a user specified subroutine, presented in Appendix. 
8.4.3 Biaxial Behaviour of Concrete 
As it was described in the previous section, the tensile and compression behaviour of 
concrete are considerably influenced by the temperature. Therefore, it is expected that 
the concrete biaxial behaviour at elevated temperature is also affected. 
 
With regards to the biaxial compression condition, similar to the ambient condition in 
which the compressive strength exhibits an increase in compressive strength of 25%, the 
strength enhance is also observed. Experimental data from [ 119 ] [ 120 ] shows that 
compressive strength is consistently higher than the uniaxial compressive strength, for 
all temperatures and stress ratios. Moreover, the increase in compression due to biaxial 
loads is considerable even with a low stress level in the second axis.[ 121 ] 
 
Considering the combination of tension and compression, the failure envelope is based 
on the test data at ambient temperatures [ 103 ] in which tensile strength is reduced by 
the compressive stress. [ 122 ] 
 
Regarding the biaxial tension, concrete behaviour is considered a linear elastic-brittle 
material in which the mechanical properties are a function of the temperature. 
Moreover, the tension cut-off criterion was used to model the crack behaviour.  
8.4.3.1 Drucker-Prager Biaxial Model for Elevated Temperatures 
To represent the failure of the concrete in tension and compression in biaxial analysis at 
elevated temperature failure, the same principle of the ambient condition was followed 
with the Drucker-Prager at elevated temperature envelopes employed. Once the failure 
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surface is reached, yielding initiates in the compression state, whereas cracking occurs 
in tension, as it shown in Figure 8 - 9. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 9 Drucker–Prager Failure Envelop according to the Temperatures 
8.4.4 Constitutive Relations for Concrete at Elevated Temperatures  
As discussed in Chapter 7, DIANA [ 9 ] considers the total strain decomposition into a 
crack strain increment and into an intact concrete stain increment (between the cracks) 
to simulate the global concrete behaviour. [ 97 ] [ 98 ] 
 
The total strain vector relative to the global coordinates is: 
 
 
Additionally a sub-decomposing of the crack strain increment is assumed to model 
multiple cracks simultaneously formed. In this section, determination of the incremental 
stress-strain relation for cracked concrete under thermal loading will be focus of 
attention. 
crco εεε ∆+∆=∆
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During the heating of concrete several nonlinear physical phenomena occur. First the 
material presents thermal dilatation which is governed by the thermal expansion 
coefficient related nonlinearly to the temperature. Another important effect is the 
decrease of the strength and stiffness properties. Moreover, cracking and plastic 
straining in compression can occur, as well as transient creep.[ 123 ] 
 
Therefore, when the effect of the temperature is taken into account, the intact concrete 
strain increment ∆εco is composed of five contributions: the elastic strain increment ∆εe, 
the thermal strain increment ∆εθ, the transient strain increment ∆εtr,the transient creep 
increment ∆εcr, and plastic strain increment ∆εpl, resulting in: 
 
 
The thermal strain increment is given by [ 123 ]: 
 
 
According to [ 124 ], the transient strain increment is given by: 
 
With α is the coefficient of thermal expansion, fc is the compressive strength at ambient 
temperature, σ is the uniaxial stress, and κ is a material parameter varying between 1.8 
and 2.35.  
 
The creep behaviour in DIANA [ 9 ] is modelled through a viscoelastic creep model, 
which cannot be combined with cracking and plasticity behaviour. To overcome this 
issue the creep has to be modelled implicitly with the elastic strains. 
 
Therefore, the total strain decomposition is reduced to an elastic, plastic and transient 
part, which is determined by a unique stress state:  
 
plcrtre εεεεεε θ ∆+∆+∆+∆+∆=∆
 
8. 11 
αθεθ =∆
 
8. 12 
θσακε
c
tr f=∆
 
8. 13 
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In 8. 14, the elastic state is given by:σ = Ec εe; the plastic part follows the Drucker-
Prager hypothesis; and the transient part is determined by 8. 13. Hence, the plasticity 
model for compression combined with a cracking mode for tension of concrete at 
elevated temperatures is established. 
8.4.5 Reinforcing Steel 
The stress-strain relationship established for the ambient condition, formed by the initial 
linear elastic portion, a yield plateau, a strain hardening range, and a descending branch, 
combined with the reduction factors presented in Figure 8 - 10, give the steel behaviour 
at elevated temperatures. Moreover, the same stress-strain curve considered in tension is 
applied in compression. [ 96 ] 
 
The Figure 8 - 11 shows the steel stress-strain relationship used in the elevated 
temperature structural analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 10 Reduction Factors for Strength and Stiffness of Steel according to 
BSEN1992:1-2 [ 73 ] 
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Figure 8 - 11 Steel Stress-strain Relationship function of temperature based on the 
BSEN1992:1-2 [ 73 ] 
8.4.6 Compatibility between Concrete and Reinforcing Steel: Bond-Slip 
Behaviour 
Following the same approach of the structural model at ambient temperature, the bond-
slip-temperature behaviour was implemented into the concrete-steel interface in order to 
determine the structural behaviour in fire conditions. For further details in terms of the 
interface element formulation refer to Chapter  7 – Section  7.3.5. 
 
In the structural analysis, the bond-slip-temperature behaviour was implemented in the 
interface elements using a purpose written user-specified subroutine developed by the 
Author and given in Appendix. The bond-slip-temperatures represented in the 
subroutine were obtained from the experimental programme carried out by the Author. 
 
Moreover, these experimental variations of the bond-slip curves with temperatures were 
incorporated in the user-specified subroutine by an input table presented in Appendix. 
For the 6mm plain bar the bond-slip relationship at different temperatures is: 
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Figure 8 - 12 Bond Strength-slip for 6mm Plain Bar at Elevated Temperatures 
 
8.5 Modelling the Cardington Fire Test 
8.5.1 Test Design 
The design of the eight storey steel framed building was conceived to represent a typical 
office development. The building covered area was 21 m x 45 m, divided in 5 equally 
spaced bays along the length and of 3 bays spaced 6 m, 9 m and 6 m across the width of 
the building, as it is shown in  
 
Figure 8 - 13. Moreover, a lift core of a 9 m x 2.5 m was placed centrally and two 4 m x 
4.5 m stairwells placed at either end. [ 3 ] [ 126 ] 
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Figure 8 - 13 Plan of the Cardington Test Frame Showing the Fire Test Location [ 126 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 14 Cardington Fire test (BRE Corner test) [ 106 ] 
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Regarding the storey design, a composite flooring system with beams designed as simply 
supported were adjusted. The slabs were composed by 0.9 mm thick steel deck (PMF 
CF70), which was continuous over a minimum of two spans, with lightweight concrete and 
A142 anti-crack mesh consisting of 6mm diameter wires at 200mm centres. Moreover, the 
overall minimum depth of the slab was 130 mm, as it is shown in  
Figure 8 - 15. 
 
 
 
 
 
 
 
 
Figure 8 - 15 Composite Slab Cross-section [ 3 ] 
 
In terms of material properties, the slab was constructed with Grade 35 lightweight 
concrete with an average measured cube strength of 47 N/mm2, and with mesh 
reinforcement with a measured yield strength of 600 N/mm2 [ 127 ]. For further details 
in relation to the Cardington steel frame, reference should be made to [ 122 ], [ 3 ], [ 126 
], [ 128 ] 
 
The BRE corner fire test was carried out on one corner bay, between the second and 
third floors, enclosing a plan area of 9 m x 6 m. On the second floor, a fire load of 40 
kg/m2 was placed over an area of 54 m2, giving a total fire load of 2160 kg. 
 
The frame was loaded by sandbags resulting in a 4.9 kN/m2 total load (including the self 
weight of the structure). All beams were left unprotected. [ 127 ] 
 
The atmosphere temperatures recorded during the test at the middle of the compartment 
at various heights are presented in Figure 8 - 16 and 8 - 17. 
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Figure 8 - 16 Recorded atmospheric temperatures at various locations within the 
compartment [ 126 ] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 17 Maximum and Average Recorded Atmospheric Temperatures within the 
Compartment [ 106 ] 
 
In addition, the average temperature of the secondary beam placed in the centre of the 
compartment is shown in Figure 8 - 18. 
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Figure 8 - 18 Average Recorded Secondary Beam Temperatures within the Compartment 
 
The displacements at the mid-span measured during the test are shown in Figure 8 - 19. 
The maximum recoded value, within the slab span, was 269mm what occurred in the 
centre of the compartment after 130 minutes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 19 Recorded Vertical Displacement at the Compartment Centre [ 106] 
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Recorded results show that the steel decking has reached very high temperaute in most 
areas of the slab; therefore it is assumed that the steel decking contribution on the slab 
strength at the maximum fire severity is irrelevant. [ 129 ]  
 
In general, the damage to the structure was localised, with all connections remaining 
intact during both the heating and cooling phases of the fire. Moreover, the slab 
exhibited large deflection, exceeding the one predicted by the pure flexural bending 
theory. Hence, it was suggested that the improve performance of the composite slab is 
caused by the ability of lightly reinforced concrete slab to bridge over the supporting 
fire-damage steel beams and transfer load, using membrane action , to the undamaged 
part of the steel structure. [ 3 ] [ 127 ] 
8.5.2 Finite Element Formulation of the Cardington Fire Test  
The finite element model used to simulate the behaviour of the Cardington corner slab 
composed of a quarter of the slab with half cross section area and half length of the 
beam B2. Moreover, at these boundaries, the horizontal and perpendicular rotational 
displacement were assumed to be fixed, creating two lines of symmetry, as represented 
by Figure 8 - 20.  
 
The modelling of corner slabs is not accurately established when symmetry is applied. 
However, without the use of symmetry, the full extent of the floor would require 
modelling, in which the computing time would drastically increase. Moreover, the 
improvement possibly gained from modelling the whole floor would be difficult to 
justify. 
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Figure 8 - 20 Representation of the Cardington Model 
 
The trapezoidal shape of the bottom part of the slab was disregarded and the thickness 
considered was 102.5mm, which includes half of the thickness of the concrete in the 
steel decking (approximately the centroid position) and the slab top portion. In Chapter 
7, it was demonstrated that this slab depth proportion gives the most suitable correlation 
between the BRE large scale test and the model result.  
 
Furthermore, since the Cardington steel frame was built under normal site conditions, 
the slab thickness can vary within the bays. Investigation presented in [ 130 ], 
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demonstrated that slab thickness of 90 - 105 mm gave the best comparison with the 
Cardington test results; in accordance to the adopted thickness of the corner slab model.  
 
Following the same method used in the BRE large scale model, the anti-crack A142 
mesh was modelled as an equivalent 0.14mm steel layer and the bond between 
reinforcement and surrounding concrete was modelled discretely using interface 
elements.  
 
Twenty-node isoparametric solid elements represented the concrete and steel, three-
node class-III beam elements were used to model the steel beam, and link elements 
connected the beam to the slab.  
 
Based on sensitive studies on mesh sizes presented in Chapter  7 - Section  7.5, it was 
adopted in the analysis an 11x10x6 mesh division resulting in 880 elements, Figure 8 - 
21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 21 Cardington Corner Slab Model Meshing 
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8.6 Validation of the Thermal Model of Cardington Fire Test 
In order to establish the temperature distribution on the composite slab of the 
Cardington Corner fire test, a thermal analysis was conducted. The average atmosphere 
temperatures recorded during the test, Figure 8 - 17, were applied to the thermal model. 
 
During the fire test, the temperatures were monitored by 22 thermocouples placed 
though the depth of the concrete slab. The temperatures recorded at the centre of the 
slab, considering different depths were used to validate the thermal model, as shown in 
Figure 8 - 22. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 22 Fire Test Data Comparing to the Thermal Model 
 
The temperature difference between the thermal model and the test data recorded from 
the thermocouple was small most of the time. The most substantial temperature variance 
was registered at the peak temperatures at position 1. This difference could be 
originated by the fact that the trapezoidal shape of the slab was disregarded in the 
model, whereas in the fire test the temperature were recorded just above the steel 
decking. However, except for position 1, the thermal model simulated the temperature 
field with fairly good accuracy.  
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Moreover, Table 8 - 1 shows the DIANA [ 9 ] thermal model prediction over the fire 
test temperature. This relation was in the order of 0.85, indicating that the model is 
appropriated to be used to evaluate the thermal response of composite slab on fire 
condition.  
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Table 8 - 1 Comparison between Test temperature and Thermal Model temperature 
 
Position 1 Position 2 Position 3 Position 1 Position 2 Position 3 Position 1 Position 2 Position 3
Minutes
2 15 15 15 13 13 13 0.87 0.84 0.84
6 18 15 15 22 13 13 1.23 0.84 0.84
10 22 16 15 28 14 13 1.27 0.85 0.82
14 26 18 16 34 15 13 1.27 0.85 0.81
16 28 19 16 35 16 13 1.26 0.85 0.81
20 30 21 17 37 18 14 1.23 0.85 0.80
22 31 22 18 37 18 14 1.21 0.86 0.80
24 31 22 18 37 19 14 1.19 0.86 0.80
30 32 24 19 36 21 16 1.11 0.86 0.81
32 33 25 20 36 21 16 1.10 0.86 0.82
36 38 26 21 50 23 17 1.33 0.87 0.82
38 41 27 21 51 24 17 1.24 0.88 0.82
44 47 31 23 50 26 19 1.06 0.86 0.81
46 48 32 24 50 27 19 1.05 0.85 0.80
48 48 33 25 50 28 20 1.03 0.84 0.80
52 49 35 26 49 29 21 1.01 0.84 0.80
54 49 35 27 49 29 22 1.00 0.83 0.79
56 49 36 28 50 30 22 1.00 0.83 0.79
62 55 38 30 61 32 24 1.11 0.83 0.79
64 59 40 31 63 33 24 1.07 0.83 0.78
68 66 43 32 64 35 25 0.98 0.81 0.77
70 69 44 33 69 36 25 1.00 0.80 0.77
72 73 46 34 80 37 26 1.09 0.80 0.76
76 82 51 37 86 48 27 1.05 0.94 0.75
88 117 68 47 136 73 37 1.17 1.07 0.79
92 132 76 51 140 75 41 1.05 0.99 0.81
94 139 80 54 139 77 44 1.00 0.95 0.82
96 145 85 56 139 78 46 0.95 0.92 0.82
98 154 89 59 144 79 48 0.93 0.89 0.82
104 249 112 69 284 82 54 1.14 0.73 0.79
108 381 140 80 382 128 61 1.00 0.91 0.76
110 408 155 87 418 134 64 1.03 0.86 0.74
112 431 169 95 450 142 67 1.04 0.84 0.71
114 452 182 103 495 150 70 1.10 0.82 0.68
116 470 195 111 521 154 73 1.11 0.79 0.66
118 483 206 119 537 159 76 1.11 0.77 0.64
124 494 235 142 537 174 87 1.09 0.74 0.61
126 489 242 150 523 181 90 1.07 0.75 0.60
128 480 247 156 516 185 92 1.07 0.75 0.59
130 469 251 163 507 188 96 1.08 0.75 0.59
132 457 254 168 496 188 98 1.09 0.74 0.59
138 417 256 181 457 188 106 1.09 0.73 0.58
140 404 255 185 444 187 108 1.10 0.73 0.58
142 392 254 187 431 185 110 1.10 0.73 0.58
144 379 252 189 419 184 111 1.10 0.73 0.59
146 367 250 191 407 183 113 1.11 0.73 0.59
148 356 247 192 395 181 114 1.11 0.73 0.59
150 345 244 193 383 179 116 1.11 0.73 0.60
Time DIANA Thermal Model Corner Fire Test Test/DIANA Model
oC oC oC
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Figure 8 - 23 Temperature Distribution varying in time 
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In Figure 8 - 23 an additional representation of the thermal behaviour of the slab model 
is presented in the form of isotherms varying with the time.  
 
At time step 52, which represents 102 minutes of fire test, (Figure 8 - 23 (a)), the 
maximum temperature at the slab underside is reached. It can be noticed that the slab 
has a high thermal gradient since there is insufficient time for the heat to be conducted 
through the slab depth. Increasing the time of fire exposure, at time step 63 (126 
minutes of fire test), the thermal gradient decreases and the maximum temperature of 
the position 1 is reached, as shown in Figure 8 - 23 (b). Subsequently, the lower thermal 
gradient of the analysis is establish, with the maximum temperature of the topside of the 
slab achieved (Figure 8 - 23 (c)). And finally, the cooling down state of the corner slab 
is shown in Figure 8 - 23 (d). 
8.7 Validation of the Structural Model of Cardington Fire Test 
The first validation of the Cardington Corner test structural model was obtained by the 
analysis of the slab deformation. The comparison between the vertical displacements at 
the mid-span recorded in Cardington Fire test and the vertical displacements from the 
structural analysis is shown in Figure 8 - 24. 
 
The total floor deflection is essentially composed of three parts: deflection introduced 
by thermal bowing of the steel beam, deflection induced by thermal bowing of concrete, 
and mechanical deflection due to strength reduction in the concrete and steel.[ 131 ] 
 
In the time-deflection curve, two phases can be identified in the defection record of the 
slab. The division of the phases occurred at the 102 minutes into the fire test. Until 102 
minutes, the temperature difference in concrete was very low (Figures 8-17 and 8–18 ), 
therefore the total deflection in the slab is mainly a result of the temperature difference 
in the steel section and increased mechanical defection.  
 
Just beyond the 102 minutes of fire test, with the temperature reaching 800°C, both the 
steel beam and steel decking have a reduction of 89% on their strength (according to BS 
EN1993-1-2 [ 72 ]), consequently the principal cause of mechanical deflectionis is the 
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strength reduction of the steel beam. As a result, from that moment, the load on the slab 
is resisted by the tensile membrane action within the concrete slab, since the steel beam 
and steel decking cannot support load. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 24 Validation of the Structural Model against the Cardington Fire Test 
 
The fire model predicted vertical displacements before the 102 minutes of fire are 
slightly higher in comparison to the recoded in the fire test; the main displacement 
difference occurs at 70 minutes and it is about 13mm which is negligible. 
 
The structural model relates considerably well the behaviour at 102 minutes of fire 
when there was a sharp variation in deflection. Figure 8 - 25(a) and (b), representing the 
slab at 100 and 104 minutes with deflection of 130mm and 183mm respectively, shows 
the combination of stress components at each Gauss point establishing the traction plots. 
It can be seen the formation of the compression ring around the edges of the slab, while 
the central areas are subject to biaxial tensile membrane forces. 
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Figure 8 - 25 Traction Plots 
Beyond 102 minutes of fire test, the deflections obtained through the structural model 
are lower than that recorded in the test. This divergence occurs due to the fact that at 
this stage, the slab temperatures predicted in the thermal model are lower than the test 
temperatures (see Section  8.6), generating lower deflections.  
 
Figure 8 - 26 shows the slab deformed shape at the maximum vertical displacement of 
the slab mid-span. 
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Figure 8 - 26 Slab Deformed Shape 
 
A further validation of the structural finite element model was conducted in terms of the 
cracking pattern at 118 minutes of fire test when the maximum vertical displacement at 
the mid-span occurs. Although there was no visible cracking forming in the test, Figure 
8 - 27 shows the yield-line formation in the slab at 118 minutes of fire. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 27 Cracking Pattern at Maximum Vertical Displacement 
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8.8 Effect of the Different Types of Bar on the Slab Behaviour 
The experimental programme results have demonstrated that the bond-slip curve is 
directly related to the type of bar (plain or ribbed). Moreover, the mode of failure 
observed also corresponded to the type of bar used. Figure 8-28 presents the load-
deflection at mid-span of three models. In the first one, the bond-slip-temperature 
curves were obtained from the experimental programme for plain reinforcing mesh, in 
the second model experimental curves for ribbed reinforcing mesh were used, and 
finally a fully bonded model (with no bond-slip) was considered. Due to the limitation 
of the model of representing the reinforcement as a layer, the overall deflections of the 
three models were similar presenting the main difference beyond 102 minutes. 
Therefore, not only the load-deflection curves were analysed but also the total strain 
distribution in direction-x was also considered to illustrate the effect of different bond-
slip curves on the global behaviour of the slab. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 - 28 Load-displacement relationship of different types of bar 
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Regarding the deflection, up to 102 minutes of fire test, the behaviour of the three 
models were similar predicting vertical displacements slightly higher in comparison to 
those recoded in the fire test, as it was shown in previous section.  
 
The main difference between the model was noticed beyond 102 minutes of the fire test, 
where the ribbed and fully bonded models predicted deflections even lower comparing 
to the plain bars and consequently lower that the recorded in the test. Based on the fact 
that the temperature distribution in three models are the same, and at this stage the 
deflection is governed by the concrete slab, it can be suggested that the elevated bond 
strength of the ribbed mesh prevent the redistribution of the strain and therefore the 
structure became less ductile, as it is presented in studies of strain localization in [ 40 ][ 
41 ]. Moreover, the behaviour of the ribbed bar model is similar to the one fully bonded. 
 
In terms of strain distribution, a further analysis was conducted to illustrate the effect of 
different bond-slip curve on the slab behaviour. 
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Figure 8 - 29 Contour plots of strain in x-direction (a) plain mesh, (b) ribbed mesh 
 
Figure 8 - 29 shows the strain distribution of the two models (ribbed and plain bar). 
Although, the maximum and minimum value of the strain obtain on the models were 
similar, the plain mesh reinforcing model presents a strain distributed in a larger area in 
comparison to the ribbed mesh reinforcing model. This confirms the results of the load-
deflection at mid-span curves which shows the reduction in displacement of the ribbed 
model in comparison to the plain model. The results were in conformity with the 
experimental programme, in which the bond between the plain bar and the concrete 
broke allowing the strain to redistribute, suggesting that the use of plain bars is more 
favourable in terms of failure causing by concentration of stress following by the full-
depth crack and fracture of the reinforcement. 
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 9 CHAPTER 9 
CONCLUSIONS AND FUTURE WORK 
 
9.1 Introduction 
This chapter concludes the research work in investigating experimentally and 
numerically the behaviour of composite floor slabs at ambient and elevated 
temperatures. The bond strength between the concrete and welded mesh reinforcement 
used in composite floor slabs has been examined, since this was found to be an 
important aspect that affect the slab behaviour. 
 
9.2 Experimental Programme on Bond Behaviour: Pull-out Tests 
In terms of experimental investigation, pull-out tests, at elevated temperatures, on 
standard size mesh reinforcement have been carried out incorporating the bond 
behaviour of the longitudinal and transverse bars together with the strength of the 
connecting weld. Both smooth and ribbed bars were tested. The average bond stress-slip 
relationships for all bars at 20, 200, 400, 600, 800 and 1000°C were presented. 
 
It was found that the 6, 7 and 8mm diameter ribbed mesh failed by fracture of the 
longitudinal bar at all temperatures, including ambient temperature.  It was shown that 
the reduction of bond strength was similar to the reduction in strength of the bar, which 
together with the observed modes of failure, led to the conclusion that ribbed mesh can 
be assumed to be fully bonded at all temperatures.  The 10mm diameter ribbed mesh 
failed by splitting due to cover-bar diameter ratio being small.   
 
All plain bars failed by fracture of the weld followed by pull-out of the bar. It was also 
shown that the reduction in bond strength at elevated temperatures was greater than the 
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reduction in strength of the bar up to 800°C.  Therefore the correct bond stress-slip 
relationship should be modelled for smooth bars to accurately predict global behaviour. 
 
9.3 Finite Element Modelling of Bond at Ambient Temperature: 
BRE Large-scale Test Model 
The finite element package TNO DIANA was used to investigate the effect of bond in a 
9.5 m × 6.5 m composite slab tested to failure in the BRE large-scale test. The bond 
strength-slip relationship obtained in the experimental programme carried out by the 
author was incorporated in to the large-scale slab model, using interface elements. 
 
The large-scale slab model related considerably well the vertical displacements 
measured at the mid-span of the tested slab. However, the ultimate failure characterized 
by the formation of central full-depth crack followed by the fracture of the 
reinforcement, was not simulated by the model due to the form of modelling the 
reinforcing steel as an equivalent layer.  
 
Due to the limitation of the model of representing the reinforcement as a layer, the 
results found in the experimental programme which the bond-slip curve related to the 
type of bar affected the mode of failure of the structure, was not demonstrated in the 
slab model. The overall deflections of the three models were similar and reasonable 
when compared to the test result. Therefore, a further analysis considering the total 
strain distribution in direction-x was conducted to illustrate the effect of different bond-
slip curves on the global behaviour of the slab. 
 
Parametric studies were conducted considering the effect of different types of bar on the 
large-scale slab model behaviour. Three bond-slip curves were implemented in the 
model: bond-slip curve for a 6 mm plain bar, bond-slip curve for a 6 mm ribbed bar, and 
fully bonded condition (i.e. no bond-slip curve). Due to the limitation of the model of 
representing the reinforcement as a layer, the results found in the experimental 
programme which the bond-slip curve related to the type of bar affected the mode of 
failure of the structure, was not demonstrated in the slab model. The overall deflections 
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of the three models were similar and reasonable when compared to the test result. 
Therefore, a further analysis considering the total strain distribution in direction-x was 
conducted to illustrate the effect of different bond-slip curves on the global behaviour of 
the slab. The total strain distribution has shown that, although the load-displacement 
curves of the three models are similar, the tensile strain in the plain model were spread 
in a larger area in comparison to the ribbed model and fully bonded model, suggesting 
use of plain bars is more favourable in terms failure of the slab, since the bond is broken 
allowing strains to be distributed along the bar. The ribbed bar model showed 
concentration of strain which suggested the formation of the full-depth crack followed 
by the reinforcement fracture may occur priori the failure in the plain bar model. 
 
In terms of bond strength, the two additional models were created to simulate the bond 
strength reductions on the large-scale slab model behaviour. In the first model the bond 
strength was reduced to 10% of the original curve obtained in the experimental 
programme, and the second one the relation to the original was reduced to 1%. The 
results showed a premature failure when the 1% of the bond strength model is 
considered. Therefore, although the reduction of bond strength is beneficial, the lacking 
of bond compromises the behaviour of the structures.  
 
9.4 Finite Element Modelling of Bond at Elevated Temperatures: 
Cardington Fire Test Model 
A finite element model based on one of the Cardington fire tests was developed in order 
to determine the effect of bond in a composite slab at elevated temperatures. The fire 
test considered in the model, the BRE corner fire test, was carried out on one corner 
bay, between the second and third floors, enclosing a plan area of 9 m x 6 m. To 
simulate the bond between concrete and bar, considering the effect of the temperature, 
the author developed a user specified subroutine which was in incorporated in the 
interface elements. The study consisted of two parts: the first part includes the thermal 
analysis of the composite slab based on the fire curves obtained in the Cardington fire 
test, and the second the structural analysis considering the temperature effect. 
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In terms of the thermal analysis, the temperature difference between the thermal model 
and the test data recorded from the thermocouple was small most of the time. The most 
substantial temperature variance was registered at the peak temperatures on the position 
1 (just above the steel deck). This difference could be originated by the fact that the 
trapezoidal shape of the slab was disregarded in the model. However, except for 
position 1, the thermal model simulated the temperature field with fairly good accuracy. 
 
Regarding the structural analysis considering the effect of the temperature, the model 
relates considerably well the behaviour at 102 minutes of fire when there was a sharp 
variation in deflection. Beyond 102 minutes of fire test, the deflections obtained through 
the structural model are lower than that recorded in the test due to the fact that at this 
stage, the slab temperatures predicted in the thermal model are lower than the test 
temperatures. 
 
Parametric studies were conducted considering the effect of different types of bar on the 
Cardington fire test model behaviour. The main difference between the model was 
noticed beyond 102 minutes of the fire test, where the ribbed and fully bonded model 
predicted deflections even lower comparing to the plain bars and consequently lower 
that the recorded in the test. Based on the fact that the temperature distribution in the 
three models was the same, and in the strain distribution diagrams, it is concluded that 
the elevated bond strength prevent the redistribution of the strain and therefore the 
structure became less ductile. Therefore, in conformity with the experimental 
programme in which the bond between the plain bar and the concrete broke allowing the 
strain to redistribute, suggesting that the use of plain bars is more favourable in terms of 
failure causing by concentration of stress following by the full-depth crack and fracture 
of the reinforcement 
 
9.5 Future Work 
One of the limitations of the structural model is not representing the ultimate failure 
characterized by the formation of central full-depth crack followed by the fracture of the 
reinforcement. Future work should consider the reinforcement as individual bars; 
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therefore, the full-depth crack and the fracture of the reinforcement can occur due to 
concentration of tension that is not present in the layer model. 
 
In the structural model considering the effect of the temperature, the boundary 
conditions were simplified. Future work should qualify the restraint conditions for the 
slabs at elevated temperatures. One of the possible solutions is to apply spring elements 
at the perimeter of the slab models to investigate different levels of restraints. 
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 11 APPENDIX A 
TEST RESULTS 
 
 
 
Stress-strain Relationship for the Reinforcement at Elevated 
Temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stress -Strain Characteristics of 6mm plain bar at elevated temperatures 
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Stress -Strain Characteristics of 6mm ribbed bar at elevated temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stress -Strain Characteristics of 7mm plain bar at elevated temperatures 
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Stress -Strain Characteristics of 8mm plain bar at elevated temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stress -Strain Characteristics of 8mm ribbed bar at elevated temperatures 
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Load-displacement relationship for the Reinforcement at Elevated 
Temperatures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load-displacement relationship for 6 mm plain bar at 200 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load-displacement relationship for 6 mm plain bar at 400 °C 
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Load-displacement relationship for 6 mm ribbed bar at 200 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load-displacement relationship for 6 mm ribbed bar at 400 °C 
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Load-displacement relationship for 7 mm plain bar at 200 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load-displacement relationship for 7 mm plain bar at 400 °C 
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Load-displacement relationship for 8 mm plain bar at 200 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load-displacement relationship for 8 mm plain bar at 400 °C 
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Load-displacement relationship for 8 mm ribbed bar at 200 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load-displacement relationship for 8 mm ribbed bar at 400 °C 
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12 APPENDIX B 
VISUAL BASIC CODE –TRACTION PLOT 
 
 
 
Visual Base Code implemented in the excel spreadsheet to combine the stresses at each 
integration point and determine the traction plot. 
 
 
'TRACTION PLOTS OF REINFORCED CONCRETE SLAB CONSIDERING THE BOND-SLIP 
BEHAVIOUR. 
 
'Concrete and Reinforcing Steel are modeled using solid elements with 
interface elements 
'between them 
 
'Author: Fernanda Giroldo 
'Date:27/03/07 
 
Private Sub CommandButton1_Click() 
     
    Range("G6:H120").ClearContents 
    Cells(8, 13).ClearContents 
    Set fs = Application.FileSearch 
    With fs 
        .LookIn = "C:\DIANA\MEMBRANE BRE" 
        .Filename = "*.tb" 
        If .Execute(SortBy:=msoSortByFileName, _ 
        SortOrder:=msoSortOrderAscending) > 0 Then 
            MsgBox "There were " & .FoundFiles.Count & _ 
                " file(s) found." 
'            Cells(5, 11) = .FoundFiles.Count 
            For i = 1 To .FoundFiles.Count 
'            MsgBox .FoundFiles(i) 
                Cells(5 + i, 7) = i 
                Cells(5 + i, 8) = .FoundFiles(i) 
            Next i 
        Else 
            MsgBox "There were no files found." 
        End If 
    End With 
 
End Sub 
 
Private Sub CommandButton2_Click() 
     
    Dim step_find As Boolean 
    Dim value, value1, value2, counter As Long 
    Dim Filename, Fileout, Step As String 
  226
    Dim Elmnr, TElmnr, Srfnr, Srf, CSrf, TSrfnr, Intpt, CIntpt, Stepnr 
As Integer 
    Dim Filenr, TotalFiles, ELine, TLine, Rline, Reinr, Sctnr As 
Integer 
    Dim SXX, SYY, SZZ, SXY, SYZ, SZX, X0, Y0, Z0, Pi As Double 
    Dim Length, Width, DelX, DelY, Thick, Xloc, Yloc, BotZRow, 
SteZRow, TopZRow As Double 
    Dim BotZ_div, SteZ_div, TopZ_div, BotDepth, SteDepth, TopDepth As 
Double 
    Dim X_div, Y_div, XIntpt, YIntpt, ZIntpt, XRow, YRow, ZRow, Sol_x, 
Sol_y As Integer 
    Dim IP_LX(10000), IP_LY(10000) As Double 
    Dim Barnr, Xbars, Ybars, IP_x, IP_y As Integer 
    Dim BotLine, TopLine, SteLine As Double 
    Dim MSXX(100, 100), MSYY(100, 100), MSXY(100, 100), XCOOR(100), 
YCOOR(100) As Double 
    Dim SMAX(100, 100), SMIN(100, 100), QMAX(100, 100), THETA1(5000, 
500), THETA2(5000, 500) As Double 
    Dim FX1, FY1, FX2, FY2  As Double 
     
    Dim b, c, i, j, k, L, m, n, w As Integer 
     
' Fix current directory 
    ChDir "C:\DIANA\MEMBRANE BRE" 
    Ln = 4 
 
' Read file number as input file 
    Filenr = Cells(5, 11) 
 
' Loop for the number of input files 
    TotalFiles = 1          ' Allow for single input file only 
    For index_file = 1 To TotalFiles 
'        sFile = Cells(5 + index_file, 8)           ' Read fire input 
file name 
        sFile = Cells(5 + Filenr, 8)                ' Read fire input 
file name 
         
        If (sFile = "") Then 
            MsgBox "Please input DIANA tabulated total stresses output 
files!", 48, "Notice" 
            Exit Sub 
        End If 
         
        HitLimit = False                ' Reset the flag for hitting 
the max. time-step limit 
         
' Open input file 
        Open sFile For Input As #1 
        temp = "" 
        value = 0 
        counter = 0 
 
        Do While value = 0              ' Search for input data line 
with string "STRESS TOTAL" 
            counter = counter + 1 
            Line Input #1, temp 
            value = InStr(temp, "STRESS TOTAL") 
            If counter = 100 Then 
                MsgBox "The file is not a correct Batch test file!", 
48, "Error" 
                Close #1 
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                Exit For        ' Go to next file if any 
            End If 
        Loop 
         
' Close and open input file again 
        Close #1 
        Open sFile For Input As #1 
 
' Read input file name from the 1st line of input file 
        Line Input #1, temp 
        temp = Left(temp, 50) 
        Filename = Trim(temp) 
        Cells(8, 13) = "Running input file: " & Filename   ' File name 
indicator 
 
' Read Step No. to process 
        Stepnr = Cells(4, 4) 
         
' 
**********************************************************************
***************** 
' Open output file 
        Fileout = Filename & "_" & Stepnr & "CV.dat"   ' For 
compressive tractions 
        Open Fileout For Output As #3 
         
        Fileout = Filename & "_" & Cells(4, 4) & "TV.dat"   ' For 
tensile tractions 
        Open Fileout For Output As #4 
'        Print #4, "Elmnr; Intpt; X0; Y0; U; V; FX; FY" 
         
        Fileout = Filename & "_" & Cells(4, 4) & "PS.dat" 
        Open Fileout For Output As #5 
        Print #5, "Elmnr Intpt XCoor YCoor SMAX SMIN QMAX THETA1 
THETA2" 
 
        Fileout = Filename & "_" & Cells(4, 4) & "TS.dat" 
        Open Fileout For Output As #6 
        Print #6, "Elmnr Intpt XCoor YCoor MSXX MSYY MSXY" 
' 
**********************************************************************
***************** 
 
' Read Slab Dimensions 
        Length = Cells(7, 5) 
        Width = Cells(8, 5) 
        BotDepth = Cells(9, 5) 
        SteDepth = Cells(10, 5) 
        TopDepth = Cells(11, 5) 
         
' Read Mesh Divisions 
        X_div = Cells(14, 5) 
        Y_div = Cells(15, 5) 
        BotZ_div = Cells(16, 5) 
        SteZ_div = Cells(17, 5) 
        TopZ_div = Cells(18, 5) 
        TElmnr = X_div * Y_div * (BotZ_div + TopZ_div + SteZ_div)   ' 
Total element numbers 
 
' Read Integration Points 
        XIntpt = Cells(21, 5) 
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        YIntpt = Cells(22, 5) 
        ZIntpt = Cells(23, 5) 
 
' Compute total input line and element line 
        ELine = XIntpt * YIntpt * ZIntpt           ' Total input lines 
for each elements 
        TLine = TElmnr * ELine                     ' Total input lines 
for all elements (concrete and steel) 
 
 
        BotLine = BotZ_div * X_div * Y_div * ELine     'Total input 
lines for bottom concrete layer 
        SteLine = SteZ_div * X_div * Y_div * ELine     'Total input 
lines for steel layer 
        TopLine = TopZ_div * X_div * Y_div * ELine     'Total input 
lines for steel layer 
         
' Compute coordinates for top-right corner of area represented by each 
integration point 
        XRow = X_div * XIntpt                  ' Total integration 
points in x-direction 
        YRow = Y_div * YIntpt                  ' Total integration 
points in y-direction 
        BotZRow = BotZ_div * ZIntpt            ' Integration points in 
Bottom concrete z-direction 
        SteZRow = SteZ_div * ZIntpt            ' Integration points in 
Steel z-direction 
        TopZRow = TopZ_div * ZIntpt            ' Integration points in 
Top concrete z-direction 
        ZRow = BotZRow + SteZRow + TopZRow     ' Total integration 
points in z-direction 
 
        DelX = Length / XRow                          ' X increment 
(mm) 
        DelY = Width / YRow                           ' Y increment 
(mm) 
        BotThick = BotDepth / (BotZ_div * ZIntpt)     ' Thickness of 
bottom concrete layer (mm) 
        SteThick = SteDepth / (SteZ_div * ZIntpt)     ' Thickness of 
Steel layer (mm) 
        TopThick = TopDepth / (TopZ_div * ZIntpt)     ' Thickness of 
top concrete layer (mm) 
         
        For b = 1 To XRow 
            IP_LX(b) = DelX * b 
        Next b 
        For c = 1 To YRow 
            IP_LY(c) = DelY * c 
        Next c 
 
' Locate the specified Step Number 
        step_find = False 
        Do While step_find = False And Not EOF(1) 
            value1 = 0 
            value2 = 0 
             
            Line Input #1, temp 
            value1 = InStr(temp, "Step nr.")        ' Locate the 
string "Step nr." 
            
            If (value1 > 0) Then 
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                Step = Str(Stepnr)                  ' Convert string 
to number 
                value2 = InStr(temp, Step)          ' Locate Stepnr 
            End If 
             
            If (value1 > 0 And value2 > 0) Then step_find = True 
        Loop 
         
        If (step_find = True) Then 
 
' Skip 6 lines of titles from "Load factor", "Result" to "Elmnr" 
            For i = 1 To 6 
                Line Input #1, temp 
            Next i 
             
' Read input data for bottom concrete layer 
            Count = 0 
            For i = 1 To BotLine 
                Count = Count + 1 
                 
                If (Count = 1) Then 
                    Input #1, Elmnr, Intpt, SXX, SYY, SZZ, SXY, SYZ, 
SZX, X0, Y0, Z0 
                Else 
                    Input #1, Intpt, SXX, SYY, SZZ, SXY, SYZ, SZX, X0, 
Y0, Z0 
                End If 
                 
                If (Count = ELine) Then Count = 0      ' Revert count 
to zero 
'                Print #4, Elmnr, Srf, Intpt, SXX, SYY, SZZ, SXY, SYZ, 
SZX, X0, Y0, Z0 
                 
' Identify integration point 
                value = 0 
                m = 0 
                n = 0 
                Do While value = 0 
                  m = m + 1 
                  If (X0 <= IP_LX(m)) Then 
                    IP_x = m 
                    Do While value = 0 
                      n = n + 1 
                      If (Y0 <= IP_LY(n)) Then 
                        IP_y = n 
                        value = 1 
                      End If 
                    Loop 
                  End If 
                Loop 
                 
' Add  total stresses: SXX, SYY & SXY 
 
                MSXX(IP_x, IP_y) = MSXX(IP_x, IP_y) + SXX * BotThick 
                MSYY(IP_x, IP_y) = MSYY(IP_x, IP_y) + SYY * BotThick 
                MSXY(IP_x, IP_y) = MSXY(IP_x, IP_y) + SXY * BotThick 
 
                 
                If XCOOR(IP_x) = 0 Then XCOOR(IP_x) = X0 
                If YCOOR(IP_y) = 0 Then YCOOR(IP_y) = Y0 
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'                Print #4, Elmnr, Intpt, X0, Y0, IP_x, IP_y, 
XCOOR(IP_x), YCOOR(IP_y) 
            Next i 
 
' Read input data for steel layer 
            Count = 0 
            For i = BotLine + 1 To BotLine + SteLine 
                Count = Count + 1 
                 
                If (Count = 1) Then 
                    Input #1, Elmnr, Intpt, SXX, SYY, SZZ, SXY, SYZ, 
SZX, X0, Y0, Z0 
                Else 
                    Input #1, Intpt, SXX, SYY, SZZ, SXY, SYZ, SZX, X0, 
Y0, Z0 
                End If 
                 
                If (Count = ELine) Then Count = 0      ' Revert count 
to zero 
'                Print #4, Elmnr, Srf, Intpt, SXX, SYY, SZZ, SXY, SYZ, 
SZX, X0, Y0, Z0 
                 
' Identify integration point 
                value = 0 
                m = 0 
                n = 0 
                Do While value = 0 
                  m = m + 1 
                  If (X0 <= IP_LX(m)) Then 
                    IP_x = m 
                    Do While value = 0 
                      n = n + 1 
                      If (Y0 <= IP_LY(n)) Then 
                        IP_y = n 
                        value = 1 
                      End If 
                    Loop 
                  End If 
                Loop 
                 
' Add  total stresses: SXX, SYY & SXY 
 
                MSXX(IP_x, IP_y) = MSXX(IP_x, IP_y) + SXX * SteThick 
                MSYY(IP_x, IP_y) = MSYY(IP_x, IP_y) + SYY * SteThick 
                MSXY(IP_x, IP_y) = MSXY(IP_x, IP_y) + SXY * SteThick 
 
                 
                If XCOOR(IP_x) = 0 Then XCOOR(IP_x) = X0 
                If YCOOR(IP_y) = 0 Then YCOOR(IP_y) = Y0 
 
'                Print #4, Elmnr, Intpt, X0, Y0, IP_x, IP_y, 
XCOOR(IP_x), YCOOR(IP_y) 
            Next i 
 
' Read input data for concrete top layer 
            Count = 0 
            For i = SteLine + BotLine + 1 To TopLine + SteLine + 
BotLine 
                Count = Count + 1 
                 
                If (Count = 1) Then 
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                    Input #1, Elmnr, Intpt, SXX, SYY, SZZ, SXY, SYZ, 
SZX, X0, Y0, Z0 
                Else 
                    Input #1, Intpt, SXX, SYY, SZZ, SXY, SYZ, SZX, X0, 
Y0, Z0 
                End If 
                 
                If (Count = ELine) Then Count = 0      ' Revert count 
to zero 
'                Print #4, Elmnr, Srf, Intpt, SXX, SYY, SZZ, SXY, SYZ, 
SZX, X0, Y0, Z0 
                 
' Identify integration point 
                value = 0 
                m = 0 
                n = 0 
                Do While value = 0 
                  m = m + 1 
                  If (X0 <= IP_LX(m)) Then 
                    IP_x = m 
                    Do While value = 0 
                      n = n + 1 
                      If (Y0 <= IP_LY(n)) Then 
                        IP_y = n 
                        value = 1 
                      End If 
                    Loop 
                  End If 
                Loop 
                 
' Add  total stresses: SXX, SYY & SXY 
 
                MSXX(IP_x, IP_y) = MSXX(IP_x, IP_y) + SXX * TopThick 
                MSYY(IP_x, IP_y) = MSYY(IP_x, IP_y) + SYY * TopThick 
                MSXY(IP_x, IP_y) = MSXY(IP_x, IP_y) + SXY * TopThick 
 
                 
                If XCOOR(IP_x) = 0 Then XCOOR(IP_x) = X0 
                If YCOOR(IP_y) = 0 Then YCOOR(IP_y) = Y0 
 
'                Print #4, Elmnr, Intpt, X0, Y0, IP_x, IP_y, 
XCOOR(IP_x), YCOOR(IP_y) 
            Next i 
 
' Print output 
            For i = 1 To XRow 
                For j = 1 To YRow 
 
' Compute maximum shear stresses & principle stresses: QMAX, SMAX & 
SMIN 
                    QMAX(i, j) = Sqr(((MSXX(i, j) - MSYY(i, j)) / 2) ^ 
2 + MSXY(i, j) ^ 2) 
                    SMAX(i, j) = (MSXX(i, j) + MSYY(i, j)) / 2 + 
QMAX(i, j) 
                    SMIN(i, j) = (MSXX(i, j) + MSYY(i, j)) / 2 - 
QMAX(i, j) 
 
' Compute the angles of principle planes: THETA1 & THETA2 
                    Pi = 3.14159265358979 
                    THETA1(i, j) = 0.5 * Atn(2 * MSXY(i, j) / (MSXX(i, 
j) - MSYY(i, j))) 
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                    If (MSXX(i, j) < MSYY(i, j)) Then 
                        THETA1(i, j) = THETA1(i, j) + Pi / 2 
                    End If 
                    THETA2(i, j) = THETA1(i, j) + Pi / 2 
 
' Compute the force compenents: FX & FY 
                    FX1 = Cos(THETA1(i, j)) * SMAX(i, j) 
                    FY1 = Sin(THETA1(i, j)) * SMAX(i, j) 
                    FX2 = Cos(THETA2(i, j)) * SMIN(i, j) 
                    FY2 = Sin(THETA2(i, j)) * SMIN(i, j) 
 
' Print the calculated mean stresses for checking 
                    Print #6, i; j; XCOOR(i); YCOOR(j); Round(MSXX(i, 
j), 4); Round(MSYY(i, j), 4); _ 
                    Round(MSXY(i, j), 4) 
 
' Print the calculated principle stresses for checking 
                    Print #5, i; j; XCOOR(i); YCOOR(j); Round(SMAX(i, 
j), 4); Round(SMIN(i, j), 4); _ 
                    Round(QMAX(i, j), 4); Round(THETA1(i, j), 4); 
Round(THETA2(i, j), 4) 
 
' Print the calculated tensile & compressive tractions to separate 
output files 
                   If (SMAX(i, j) > 0) Then 
                        Print #4, XCOOR(i); YCOOR(j); Round(FX1, 4); 
Round(FY1, 4) 
                    Else 
                        Print #3, XCOOR(i); YCOOR(j); Round(FX1, 4); 
Round(FY1, 4) 
                    End If 
                    If (SMIN(i, j) > 0) Then 
                        Print #4, XCOOR(i); YCOOR(j); Round(FX2, 4); 
Round(FY2, 4) 
                    Else 
                        Print #3, XCOOR(i); YCOOR(j); Round(FX2, 4); 
Round(FY2, 4) 
                    End If 
                Next j 
            Next i 
        Else 
            MsgBox "Specified step number is not available!", 48, 
"Error" 
            Close #1    ' Close fire input file 
'            Print #4, "Total stresses at specified step number ", 
Stepnr, " are not available!" 
        End If 
         
        Close #1    ' Close fire input file 
        Close #3    ' Close output file for compressive tractions 
        Close #4    ' Close output file for tensile tractions 
        Close #5    ' Close output file for principle stresses 
        Close #6    ' Close output file for mean total stresses 
     
    Next index_file 
     
End Sub 
 
Function Roundup(RNum) 
 
'  Round up a positive real number to an integer 
  233
     
    Roundup = Int(RNum) 
    RNum = RNum - Roundup 
    If (RNum > 0) Then Roundup = Roundup + 1 
 
End Function 
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13 APPENDIX C 
FORTRAN SUBROUTINE 
 
 
 
FORTRAN subroutine for simulating the stress-stain characteristics of reinforcing steel 
and concrete in DIANA, based on the BSEN1992:1-2 [ 73 ] 
 
      SUBROUTINE USRCRV( PARNAM, USRPAR, KAPPA, TE, CO, MA, TI, SY, HC 
) 
C 
C...  USER-SUPPLIED HARDENING CURVES FOR EC MATERIAL MODELS. 
C...  RETURN THE EQUIVALENT STRESS AND TANGENT MODULUS WITH RESPECT TO 
C...  THE EQUIVALENT PLASTIC STRAIN. 
C 
C     NAME: W.S. TOH 
C     DATE: 04 NOV 2005 
C 
C IN: cha PARNAM*6  Name of the hardening curve. 
C             = SQVCRV  For structural or reinforcing steel according 
to ECs. 
C             = COHCRV  For concrete in compression according to EC2-
1.2. 
C             = TENCRV  For concrete in tension according to Hordijk's 
model. 
C 
C IN: dbl USRPAR(*) User-specified parameters. 
C 
C             For PARNAM = SQVCRV, 
C             USRPAR(1) Steel type: 
C             = 1   Hot-rolled mild steel according to EN1993-1-2: 
2005 
C             = 2   Cold-formed mild steel 
C             = 3   Light-gauge steel 
C             = 4   Stainless steel grade 1.4301 
C             = 5   Stainless steel grade 1.4401/1.4404 
C             = 6   Stainless steel grade 1.4571 
C             = 7   Stainless steel grade 1.4003 
C             = 8   Stainless steel grade 1.4462 
C             = 10  Class N hot-rolled reinforcing steel in tension 
with 
C                   strain > 2% according to EN1992-1-2: 2004 
C             = 11  Class N cold-formed reinforcing steel in tension 
with strain > 2% 
C             = 12  Class N reinforcing steel in compression & tension 
with strain < 2% 
C             = 13  Class X reinforcing steel in tension with strain > 
2% 
C             = 14  Class X reinforcing steel in compression & tension 
with strain < 2% 
  235
C             = 15  Cold-worked wires & strands prestressing steel 
C             = 16  Quenched & tempered prestressing steel 
C             = 17  Bolts according to EN1993-1-2: 2004 
C             = 18  Welds according to EN1993-1-2: 2004 
C             = 20  Steel with stress-strain curve comprising a linear 
elastic up 
C                   to fp (=fy) followed by elliptic strain hardening 
curve up to 
C                   fu at fracture strain (Note : At ambient 
temperature only!) 
C             USRPAR(2) Young's modulus 
C             USRPAR(3) Yield strength; proof strength for stainless 
steel 
C             USRPAR(4) Yield strength; ultimate strength for 
stainless steel & Option 20 
C             USRPAR(5) Ultimate strain (optional) for all steel types 
C 
C             For PARNAM = COHCRV, 
C             USRPAR(1) Concrete type: 
C             = 1       Normal weight concrete - siliceous aggregate 
according to EC2-1.2 (2003) 
C             = 2       Normal weight concrete - calcareous aggregate 
according to EC2-1.2 (2003) 
C             USRPAR(2) Cylinder compressive strength of concrete 
C             USRPAR(3) Friction angle. 
C 
C             For PARNAM = TENCRV, 
C             USRPAR(4) Tensile strength. 
C             USRPAR(5) Fracture energy. 
C             USRPAR(6) Estimated numerical crack bandwidth. 
C             USRPAR(7) Factor C1. 
C             USRPAR(8) Factor C2. 
C 
C IN: dbl KAPPA     Equivalent plastic strain. 
C IN: dbl TE        Temperature. 
C IN: dbl CO        Concentration. 
C IN: dbl MA        Maturity. 
C IN: dbl TI        Time. 
C 
C OUT: dbl SY       Yield stress or cohesion. 
C OUT: dbl HC       Hardening modulus. 
C 
      DOUBLE PRECISION USRPAR(*), KAPPA, TE, CO, MA, TI, SY, HC 
      CHARACTER*6 PARNAM 
C 
      INTEGER MTYPE 
      DOUBLE PRECISION EY20, EA20, FY20, FU20, ULTS, FC20, PHI 
 DOUBLE PRECISION ET, EAT, ECT, FPT, FYT, ECMT, FCT, ALPHAG, 
FACTOR 
 DOUBLE PRECISION XXKET, XXKPT, XXKYT, XXECP, XXEC1, XXECU1, 
XXKFC 
      DOUBLE PRECISION A, B, C, C2, D2, E 
      DOUBLE PRECISION EPSP, EPSY, EPST, EPSU, EPSCP, EPSC1, EPSCU1 
 DOUBLE PRECISION STRAIN, STRESS, PI 
C.... For tension softening curve 
      DOUBLE PRECISION FT20, GF, H, C1, FT, KTU, KK 
C 
C...  1) For steels according to the Von Mises yield criterion 
      IF ( PARNAM .EQ. 'SQVCRV' ) THEN 
        IF (TE.GE.1200) THEN 
     SY=0. 
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     HC=0. 
 
   ELSE 
 
C     Read steel type 
     MTYPE=USRPAR(1) 
 
C...  1a) For hot-rolled mild steel & reinforcing & prestressing steel 
according to Eurocode models 
          IF (MTYPE.EQ.1 .OR. MTYPE.EQ.2 .OR. 
     $        (MTYPE.GE.10 .AND. MTYPE.LE.16)) THEN 
 
C     Read steel material properties 
       EA20=USRPAR(2) 
       FY20=USRPAR(3) 
            ULTS=USRPAR(5) 
 
C...  XXKET: Reduction factor for elastic modulus 
C     XXKPT: Reduction factor for proportional limit 
C     XXKYT: Reduction factor for yield strength 
       EAT=EA20*XXKET(TE,MTYPE) 
       FPT=FY20*XXKPT(TE,MTYPE) 
       FYT=FY20*XXKYT(TE,MTYPE) 
 
C     Strain parameters 
       EPSP=FPT/EAT 
            EPSY=0.02 
 
            IF (ULTS .EQ. 0.) THEN 
              EPST=0.15 
              EPSU=0.20 
       ELSEIF (ULTS .GT. 0.) THEN 
         IF (ULTS .GT. EPSY) THEN 
                EPST = ULTS 
                EPSU = ULTS+0.05 
         ELSE 
                PRINT *, 'ERROR! ULTIMATE STRAIN IN SQVCRV IS LESS 
THAN 
     $ YIELD STRAIN = 0.02!' 
                CALL PRGERR( 'USRCRV', 1 ) 
         ENDIF 
       ENDIF 
 
C     Compute total strain from eqv. plastic strain 
            STRAIN=EPSP+KAPPA 
 
C...  If total strain is less than or equal to (EPSP) 
            IF (STRAIN.EQ.EPSP) THEN 
              SY = FPT 
 
C...  If total strain is between (EPSP & EPSY=0.02) 
            ELSEIF (STRAIN.LE.EPSY) THEN 
              IF (TE .LE. 100) THEN 
                SY = FPT 
           HC = 0. 
         ELSE 
                C=(FYT-FPT)**2/((EPSY-EPSP)*EAT-2*(FYT-FPT)) 
                A=DSQRT((EPSY-EPSP)*(EPSY-EPSP+C/EAT)) 
                B=DSQRT(C*(EPSY-EPSP)*EAT+C**2) 
 
                SY = FPT-C+B*DSQRT(1.-((EPSY-STRAIN)/A)**2) 
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                HC = B*(EPSY-STRAIN)/A/DSQRT(A**2-(EPSY-STRAIN)**2) 
              ENDIF 
 
C...  If total strain is between (EPSY=0.02 & EPST=0.15) 
            ELSEIF (STRAIN.LE.EPST) THEN 
              SY = FYT 
              HC = 0. 
 
C...  If total strain is between (EPST=0.15 & EPSU=0.20) 
            ELSEIF (STRAIN.LE.EPSU) THEN 
              SY = FYT*(1.-(STRAIN-EPST)/(EPSU-EPST)) 
              HC = -FYT/(EPSU-EPST) 
 
C...  If total strain exceeds (EPSU=0.20) 
            ELSE 
              SY = 0. 
              HC = 0. 
            ENDIF 
 
C...  1b) For stainless steel according to EN1993-1-2: 2005 
          ELSEIF (MTYPE.GE.4 .AND. MTYPE.LE.8) THEN 
 
C     Read steel material properties 
       EA20=USRPAR(2) 
       FY20=USRPAR(3) 
       FU20=USRPAR(4) 
 
C...  XXKET: Reduction factor for elastic modulus 
C     XXKEC: Reduction factor for slope of initial plastic range 
C     XXKPT: Reduction factor for proof strength: f0.2p,theta 
C     XXKYT: Reduction factor for ultimate strength: fu,theta 
            EAT = EA20 * XXKET(TE, MTYPE) 
            ECT = EA20 * XXKEC(TE, MTYPE) 
            FPT = FY20 * XXKPT(TE, MTYPE) 
            FYT = FU20 * XXKYT(TE, MTYPE) 
 
C...  Total strain at proof strength: EPSP 
C     Ultimate strain: EPSU 
            EPSP = FPT / EAT + 0.002 
            EPSU = XXEUT(TE, MTYPE) 
 
C     Compute total strain from eqv. plastic strain 
            STRAIN = EPSP + KAPPA 
 
C     Compute functions a, b, c2, d2 & e 
            B = (FPT-ECT*EPSP)*EAT*EPSP/(EAT*EPSP-FPT)/FPT 
            A = (EAT * EPSP - FPT) / FPT / EPSP ** B 
            E = (FYT-FPT)**2/((EPSU-EPSP)*ECT-2*(FYT-FPT)) 
            C2 = (EPSU - EPSP) * (EPSU - EPSP + E / ECT) 
            D2 = E * (EPSU - EPSP) * ECT + E ** 2 
 
C...  If total strain <= EPSP, Total strain at proof strength 
            IF (STRAIN .EQ. EPSP) THEN 
              SY = FPT 
           
C...  If total strain is between (EPSP & EPSU) 
            ELSEIF (STRAIN .LE. EPSU) THEN 
              SY = FPT-E+DSQRT(D2/C2*(C2-(EPSU-STRAIN)**2)) 
              HC=(DSQRT(D2)+EPSU-STRAIN)/DSQRT(C2*(C2-(EPSU-
STRAIN)**2)) 
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C...  If total strain exceeds (EPSU) 
            ELSE 
              SY = 0. 
         HC = 0. 
            ENDIF 
 
C...  1c) For a user-defined steel model 
          ELSEIF (MTYPE .EQ. 20) THEN 
 
C     Read steel material properties 
       EA20=USRPAR(2) 
       FY20=USRPAR(3) 
       FU20=USRPAR(4) 
            ULTS=USRPAR(5) 
 
C       ET=EA20*XXKET(TE,MTYPE) 
C       FPT=FY20*XXKPT(TE,MTYPE) 
C       FYT=FY20*XXKYT(TE,MTYPE) 
            ET=EA20 
       FPT=FY20 
       FUT=FU20 
 
C     Strain parameters 
       EPSP=FPT/ET 
            EPSU = ULTS 
 
C     Compute total strain from eqv. plastic strain 
            STRAIN=EPSP+KAPPA 
 
C...  If total strain is less than or equal to (EPSP) 
            IF (STRAIN.EQ.EPSP) THEN 
              SY = FPT 
 
C...  If total strain is between (EPSP & EPSU) 
            ELSEIF (STRAIN.LE.EPSU) THEN 
              C=(FUT-FPT)**2/((EPSU-EPSP)*ET-2*(FUT-FPT)) 
              A=DSQRT((EPSU-EPSP)*(EPSU-EPSP+C/ET)) 
              B=DSQRT(C*(EPSU-EPSP)*ET+C**2) 
 
              SY = FPT-C+B*DSQRT(1.-((EPSU-STRAIN)/A)**2) 
              HC = B*(EPSU-STRAIN)/A/DSQRT(A**2-(EPSU-STRAIN)**2) 
 
C...  If total strain exceeds (EPSU) 
            ELSEIF (STRAIN.GT.EPSU) THEN 
              SY = 0. 
              HC = 0. 
            ENDIF 
     ENDIF 
 
        ENDIF 
 
C...  2) For concretes according to the Drucker-Prager yield criterion 
      ELSEIF ( PARNAM .EQ. 'COHCRV' ) THEN 
        IF (TE.GE.1200) THEN 
     SY = 0. 
     HC = 0. 
 
   ELSE 
     MTYPE=USRPAR(1) 
     FC20=USRPAR(2) 
     PHI=USRPAR(3) 
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C 
C     Strain parameters 
     EPSCP=XXECP(TE,MTYPE) 
  EPSC1=XXEC1(TE,MTYPE) 
  EPSCU1=XXECU1(TE,MTYPE) 
C 
C Factor for converting bet. plastic strain & equivalent plastic 
strain (KAPPA) 
     PI = 3.1415926535897932 
  ALPHAG = 2.* DSIN(PHI*PI/180.)/(3.- DSIN(PHI*PI/180.)) 
     FACTOR = DSQRT(1.+2.*ALPHAG**2)/(1.-ALPHAG) 
C 
C     Strength parameters 
     FCT = FC20 * XXKFC(TE,MTYPE) 
     FPT = 0.3 * FCT 
  ECMT = FPT / EPSCP 
 
C     Eqv. strain correp to fcu & ultimate strain 
  EQVC1 = (EPSC1 - FCT/ECMT) * FACTOR 
  EQVCU1 = EPSCU1 * FACTOR 
 
C...  If eqv. plastic strain is equal to zero 
          IF (KAPPA .EQ. 0) THEN 
            STRESS = FPT 
 
C...  If eqv. plastic strain is less than or equal to EPSC1 
          ELSEIF (KAPPA .LE. EQVC1) THEN 
 
C     Based on EC2-1.2 model (2004) 
c           STRESS = FPT + 3.* KAPPA * (FCT-FPT) /  
c    $               (EQVC1 * (2.+(KAPPA/EQVC1)**3)) 
c            HC = 6.* (FCT-FPT) *(EQVC1**3-KAPPA**3)/ 
c     $           (EQVC1**4 * (2.+(KAPPA/EQVC1)**3)**2) 
  
C     Based on Fellinger's thesis (2004) 
C            STRESS = FPT + (FCT-FPT) * (2*KAPPA/EQVC1 - 
C     $               (KAPPA/EQVC1)**2) 
C            HC = 2* (FCT-FPT) * ( 1 / EQVC1 - KAPPA / EQVC1**2) 
  
C     Based on elliptical equation 
            STRESS = FPT + (FCT-FPT) * DSQRT(1-((KAPPA-
EQVC1)/EQVC1)**2) 
       HC = (EQVC1-KAPPA) / EQVC1**2 * (FCT-FPT)**2 / (STRESS-
FPT) 
 
C     To prevent ill-conditioned diagonal terms when HC is close to 
infinity 
            IF (HC .GT. ECMT*100) THEN HC = ECMT*100. 
 
C...  If eqv. plastic strain is between (EPSC1 & EPSCU1) 
          ELSEIF (KAPPA .LE. EQVCU1) THEN 
            STRESS = (EQVCU1-KAPPA) / (EQVCU1-EQVC1) * FCT 
            HC = -FCT /(EQVCU1-EQVC1) 
 
C...  If eqv. plastic strain exceeds (EPSCU1) 
          ELSE 
            STRESS = 0. 
            HC = 0. 
          ENDIF 
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C     Compute cohesion from compressive stress 
  SY = STRESS * (1.-DSIN(PHI*PI/180.))/2./DCOS(PHI*PI/180.) 
 
        ENDIF 
 
 
C...  3) For concretes in tension according to Hordijk tension 
softening 
      ELSEIF ( PARNAM .EQ. 'TENCRV' ) THEN 
        IF (TE.GE.1200) THEN 
     SY = 0. 
     HC = 0. 
 
   ELSE 
     FT20=USRPAR(4) 
     GF=USRPAR(5) 
     H=USRPAR(6) 
     C1=USRPAR(7) 
     C2=USRPAR(8) 
 
          FT=FT20 
     KTU=5.136*GF/H/FT 
 
C...  If eqv. plastic strain is less than or equal to zero 
          IF (KAPPA .LE. 0) THEN 
            SY = FT 
 
C...  If eqv. plastic strain is less than or equal to EPSC1 
          ELSEIF (KAPPA .LE. KTU) THEN 
            KK = KAPPA/KTU 
            SY = FT * ((1+(C1*KK)**3) * DEXP(-C2*KK) - 
     $           KK * (1+C1**3) * DEXP(-C2)) 
            HC = FT/KTU * (((3-C2*KK) * C1**3 * KK**2 - C2*KK) * 
     $           DEXP(-C2*KK) - (1+C1**3) * DEXP(-C2)) 
 
C...  If eqv. plastic strain exceeds (EPSCU1) 
          ELSE 
            SY = 0. 
            HC = 0. 
          ENDIF 
 
        ENDIF 
 
      ELSE 
        PRINT *, 'ERROR! SUBROUTINE USRCRV CANNOT BE USED.' 
        PRINT *, 'CURVE ', PARNAM 
        CALL PRGERR( 'USRCRV', 1 ) 
      ENDIF 
C 
      RETURN 
      END 
C 
 DOUBLE PRECISION FUNCTION XXEC1(TE,MAT) 
C 
C...  Strain corresponding to maximum compressive strength of concrete 
at elevated temperatures 
C 
C IN: dbl TE        Temperature. 
C IN: dbl MAT       Type of material: 
C             = 1    Normal weight - siliceous aggregate concrete 
according to EC2-1.2 (2003) 
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C             = 2    Normal weight - calcareous aggregate 
concrete according to EC2-1.2 (2003) 
C 
C OUT: dbl XXEC1    Strain corresponding to maximum compressive 
strength. 
C 
 DOUBLE PRECISION TE 
 INTEGER MAT 
 
C...  For Normal weight siliceous and calcareous aggregate concretes 
   IF (MAT.EQ.1 .OR. MAT.EQ.2) THEN 
  IF (TE .LE. 20) THEN 
    XXEC1 = 0.0025 
  ELSEIF (TE .LE. 100) THEN 
    XXEC1 = 0.0025 + (TE - 20) / 80 * 0.0015 
  ELSEIF (TE .LE. 300) THEN 
    XXEC1 = 0.004 + (TE - 100) / 200 * 0.003 
  ELSEIF (TE .LE. 400) THEN 
    XXEC1 = 0.007 + (TE - 300) / 100 * 0.003 
  ELSEIF (TE .LE. 500) THEN 
    XXEC1 = 0.01 + (TE - 400) / 100 * 0.005 
  ELSEIF (TE .LE. 600) THEN 
    XXEC1 = 0.015 + (TE - 500) / 100 * 0.01 
  ELSEIF (TE .LE. 1100) THEN 
    XXEC1 = 0.025 
  ELSEIF (TE .LE. 1200) THEN 
    XXEC1 = 0.025 
  ENDIF 
   ELSE 
   ENDIF 
 END 
C 
 DOUBLE PRECISION FUNCTION XXECU1(TE,MAT) 
C 
C...  Compressive rupture strain of concrete at elevated temperatures 
C 
C IN: dbl TE        Temperature. 
C IN: dbl MAT       Type of material: 
C             = 1    Normal weight - siliceous aggregate concrete 
according to EC2-1.2 (2003) 
C             = 2    Normal weight - calcareous aggregate 
concrete according to EC2-1.2 (2003) 
C 
C OUT: dbl XXECU1   Compressive rupture strain. 
C 
 DOUBLE PRECISION TE 
 INTEGER MAT 
C 
C...  For Normal weight siliceous and calcareous aggregate concretes 
   IF (MAT.EQ.1 .OR. MAT.EQ.2) THEN 
  IF (TE .LE. 20) THEN 
    XXECU1 = 0.02 
  ELSEIF (TE .LE. 100) THEN 
    XXECU1 = 0.02 + (TE - 20) / 80 * 0.0025 
  ELSEIF (TE .LE. 1100) THEN 
    XXECU1 = 0.0225 + (TE - 100) / 1000 * 0.025 
  ELSEIF (TE .LE. 1200) THEN 
    XXECU1 = 0.0475 + (TE - 1100) / 100 * 0.0025 
  ENDIF 
   ELSE 
   ENDIF 
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 END FUNCTION 
C 
 DOUBLE PRECISION FUNCTION XXECP(TE,MAT) 
C 
C...  Strain corresponding to 30% of compressive strength of concrete 
at elevated temperatures 
C     As proportional strain limit 
C 
C IN: dbl TE        Temperature. 
C IN: dbl MAT       Type of material: 
C             = 1    Normal weight - siliceous aggregate concrete 
according to EC2-1.2 (2003) 
C             = 2    Normal weight - calcareous aggregate 
concrete according to EC2-1.2 (2003) 
C 
C OUT: dbl XXECP    Reduction factor for proportional strain. 
C 
 DOUBLE PRECISION TE 
 INTEGER MAT 
C 
C...  For Normal weight siliceous and calcareous aggregate concretes 
   IF (MAT.EQ.1 .OR. MAT.EQ.2) THEN 
  IF (TE .LE. 20) THEN 
       XXECP = 5.020E-04 
  ELSEIF (TE .LE. 100) THEN 
       XXECP = 5.020E-04 + (TE - 20) / 80 * 3.012E-04 
  ELSEIF (TE .LE. 200) THEN 
       XXECP = 8.032E-04 + (TE - 100) / 100 * 3.008E-04 
  ELSEIF (TE .LE. 300) THEN 
       XXECP = 1.104E-03 + (TE - 200) / 100 * 3.020E-04 
  ELSEIF (TE .LE. 400) THEN 
       XXECP = 1.406E-03 + (TE - 300) / 100 * 6.020E-04 
  ELSEIF (TE .LE. 500) THEN 
       XXECP = 2.008E-03 + (TE - 400) / 100 * 1.004E-03 
  ELSEIF (TE .LE. 600) THEN 
       XXECP = 3.012E-03 + (TE - 500) / 100 * 2.008E-03 
  ELSEIF (TE .LE. 1200) THEN 
       XXECP = 5.020E-03 
  ENDIF 
C 
   ELSE 
   ENDIF 
 END FUNCTION 
C 
 DOUBLE PRECISION FUNCTION XXEUT(TE,MAT) 
C     Ultimate strain for stainless steel according to EN1993-1-2: 
2005 
C     by TWS (30-10-2005) 
C     IN: dbl TE      Temperature 
C     IN: dbl MAT     Type of material: 
C             = 1   Hot-rolled mild steel according to EN1993-1-2: 
2005 
C             = 4   Stainless steel grade 1.4301 according to EN1993-
1-2: 2005 
C             = 5   Stainless steel grade 1.4401/1.4404 
C             = 6   Stainless steel grade 1.4571 
C             = 7   Stainless steel grade 1.4003 
C             = 8   Stainless steel grade 1.4462 
C             = 10  Class N hot-rolled reinforcing steel in tension 
with 
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C                   strain > 2% according to EN1992-1-2: 2004 
C 
C     OUT: dbl XXEUT  Ultimate strain for stainless steel 
 DOUBLE PRECISION TE 
 INTEGER MAT 
 
C...  For Hot-rolled mild steel, light-gauge steel & Class N hot-
rolled rebars 
      IF (MAT.EQ.1 .OR. MAT.EQ.3 .OR. MAT.EQ.10 .OR. MAT.EQ.20) THEN 
        XXEUT = 0.2 
    
C...  For stainless steel grade 1.4301 & 1.4571 
      ELSEIF (MAT.EQ.4 .OR. MAT.EQ.6) THEN 
        IF (TE .LE. 500) THEN 
          XXEUT = 0.4 
        ELSEIF (TE .LE. 700) THEN 
          XXEUT = 0.4 - 0.1 * (TE - 500) / 200 
        ELSEIF (TE .LE. 800) THEN 
          XXEUT = 0.3 - 0.1 * (TE - 700) / 100 
        ELSE 
          XXEUT = 0.2 
        ENDIF 
 
C...  For stainless steel grade 1.4401/1.4404 
      ELSEIF (MAT.EQ.5) THEN 
        IF (TE .LE. 600) THEN 
          XXEUT = 0.4 
        ELSEIF (TE .LE. 800) THEN 
          XXEUT = 0.4 - 0.2 * (TE - 600) / 200 
        ELSE 
          XXEUT = 0.2 
        ENDIF 
 
C...  For stainless steel grade 1.4003 
      ELSEIF (MAT.EQ.7) THEN 
        IF (TE .LE. 300) THEN 
          XXEUT = 0.2 
        ELSEIF (TE .LE. 400) THEN 
          XXEUT = 0.2 - 0.05 * (TE - 300) / 100 
        ELSE 
          XXEUT = 0.15 
        ENDIF 
 
C...  For stainless steel grade 1.4462 
      ELSEIF (MAT.EQ.8) THEN 
        IF (TE .LE. 600) THEN 
          XXEUT = 0.2 
        ELSEIF (TE .LE. 700) THEN 
          XXEUT = 0.2 - 0.05 * (TE - 600) / 100 
        ELSE 
          XXEUT = 0.15 
        ENDIF 
     
      ELSE 
      ENDIF 
 END FUNCTION 
C 
 DOUBLE PRECISION FUNCTION XXKEC(TE,MAT) 
C     Reduction factor (relative to Ea) for slope of initial plastic 
range 
C     for stainless steel according to EN1993-1-2: 2005 
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C     by TWS (30-10-2005) 
C     IN: dbl TE      Temperature 
C     IN: dbl MAT     Type of material: 
C             = 4   Stainless steel grade 1.4301 according to EN1993-
1-2: 2005 
C             = 5   Stainless steel grade 1.4401/1.4404 
C             = 6   Stainless steel grade 1.4571 
C             = 7   Stainless steel grade 1.4003 
C             = 8   Stainless steel grade 1.4462 
C 
C     OUT: dbl XXKEC  Reduction factor (relative to Ea) for slope of 
initial plastic range 
 DOUBLE PRECISION TE 
 INTEGER MAT 
 
C...  For stainless steel grade 1.4301 
      IF (MAT.EQ.4) THEN 
        IF (TE .LE. 20) THEN 
          XXKEC = 0.11 
        ELSEIF (TE .LE. 100) THEN 
          XXKEC = 0.11 - 0.06 * (TE - 20) / 80 
        ELSEIF (TE .LE. 200) THEN 
          XXKEC = 0.05 - 0.03 * (TE - 100) / 100 
        ELSE 
          XXKEC = 0.02 
        ENDIF 
 
C...  For stainless steel grade 1.4401/1.4404 
      ELSEIF (MAT.EQ.5) THEN 
        IF (TE .LE. 20) THEN 
          XXKEC = 0.05 
        ELSEIF (TE .LE. 100) THEN 
          XXKEC = 0.05 - 0.001 * (TE - 20) / 80 
        ELSEIF (TE .LE. 300) THEN 
          XXKEC = 0.049 - 0.004 * (TE - 100) / 200 
        ELSEIF (TE .LE. 400) THEN 
          XXKEC = 0.045 - 0.015 * (TE - 300) / 100 
        ELSEIF (TE .LE. 600) THEN 
          XXKEC = 0.03 - 0.01 * (TE - 400) / 200 
        ELSE 
          XXKEC = 0.02 
        ENDIF 
 
C...  For stainless steel grade 1.4571 
      ELSEIF (MAT.EQ.6) THEN 
        IF (TE .LE. 100) THEN 
          XXKEC = 0.06 
        ELSEIF (TE .LE. 400) THEN 
          XXKEC = 0.06 - 0.03 * (TE - 100) / 300 
        ELSEIF (TE .LE. 600) THEN 
          XXKEC = 0.03 - 0.01 * (TE - 400) / 200 
        ELSE 
          XXKEC = 0.02 
        ENDIF 
 
C...  For stainless steel grade 1.4003 
      ELSEIF (MAT.EQ.7) THEN 
        IF (TE .LE. 20) THEN 
          XXKEC = 0.055 
        ELSEIF (TE .LE. 100) THEN 
          XXKEC = 0.055 - 0.025 * (TE - 20) / 80 
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        ELSE 
          XXKEC = 0.03 
        ENDIF 
 
C...  For stainless steel grade 1.4462 
      ELSEIF (MAT.EQ.8) THEN 
        IF (TE .LE. 20) THEN 
          XXKEC = 0.1 
        ELSEIF (TE .LE. 100) THEN 
          XXKEC = 0.1 - 0.03 * (TE - 20) / 80 
        ELSEIF (TE .LE. 200) THEN 
          XXKEC = 0.07 - 0.033 * (TE - 100) / 100 
        ELSEIF (TE .LE. 400) THEN 
          XXKEC = 0.037 - 0.004 * (TE - 200) / 200 
        ELSEIF (TE .LE. 500) THEN 
          XXKEC = 0.033 - 0.003 * (TE - 400) / 100 
        ELSEIF (TE .LE. 600) THEN 
          XXKEC = 0.03 
        ELSEIF (TE .LE. 700) THEN 
          XXKEC = 0.03 - 0.005 * (TE - 600) / 100 
        ELSE 
          XXKEC = 0.025 
        ENDIF 
     
      ELSE 
      ENDIF 
 END FUNCTION 
C 
 DOUBLE PRECISION FUNCTION XXKET(TE,MAT) 
C     Reduction factor for slope of linear elastic range of steel 
C     by TWS (29-10-2005) 
C     IN: dbl TE      Temperature 
C     IN: dbl MAT     Type of material: 
C             = 1   Hot-rolled mild steel according to EN1993-1-2: 
2005 
C             = 2   Cold-formed mild steel according to EN1993-1-2: 
2005 
C             = 3   Light-gauge steel according to EN1993-1-2: 2005 
C             = 4   Stainless steel grade 1.4301 according to EN1993-
1-2: 2005 
C             = 5   Stainless steel grade 1.4401/1.4404 
C             = 6   Stainless steel grade 1.4571 
C             = 7   Stainless steel grade 1.4003 
C             = 8   Stainless steel grade 1.4462 
C             = 10  Class N hot-rolled reinforcing steel in tension 
with 
C                   strain > 2% according to EN1992-1-2: 2004 
C             = 11  Class N cold-formed reinforcing steel in tension 
with strain > 2% 
C             = 12  Class N reinforcing steel in compression & tension 
with strain < 2% 
C             = 13  Class X reinforcing steel in tension with strain > 
2% 
C             = 14  Class X reinforcing steel in compression & tension 
with strain < 2% 
C             = 15  cold-worked wires & strands prestressing steel 
C             = 16  Quenched & tempered prestressing steel 
C             = 17  Bolts according to EN1993-1-2: 2004 
C             = 18  Welds according to EN1993-1-2: 2004 
C             = 20  Steel with stress-strain curve comprising a linear 
elastic up 
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C                   to fp (=fy) followed by elliptic strain hardening 
curve up to 
C                   fu at fracture strain (Note : At ambient 
temperature only!) 
C 
C     OUT: dbl XXKET  Reduction factor for slope of linear elastic 
range of steel 
C 
 DOUBLE PRECISION TE 
 INTEGER MAT 
C 
 
C...  For Hot-rolled mild steel, light-gauge steel & Class N hot-
rolled rebars 
      IF (MAT.EQ.1 .OR. MAT.EQ.3 .OR. MAT.EQ.10 .OR. MAT.EQ.20) THEN 
   IF (TE .LE. 100) THEN 
     XXKET = 1. 
   ELSEIF (TE .LE. 500) THEN 
     XXKET = 1.00 - 0.40 * (TE - 100) / 400 
   ELSEIF (TE .LE. 600) THEN 
     XXKET = 0.60 - 0.29 * (TE - 500) / 100 
   ELSEIF (TE .LE. 700) THEN 
     XXKET = 0.31 - 0.18 * (TE - 600) / 100 
   ELSEIF (TE .LE. 800) THEN 
     XXKET = 0.13 - 0.04 * (TE - 700) / 100 
   ELSEIF (TE .LE. 1200) THEN 
     XXKET = 0.09 - 0.09 * (TE - 800) / 400 
   ELSE 
     XXKET = 0 
   ENDIF 
    
    
C...  For all stainless steel 
      ELSEIF (MAT.EQ.4 .OR. MAT.EQ.5 .OR. MAT.EQ.6 .OR. MAT.EQ.7  
     $        .OR. MAT.EQ.8) THEN 
        IF (TE .LE. 20) THEN 
          XXKET = 1 
        ELSEIF (TE .LE. 100) THEN 
          XXKET = 1 - (TE - 20) / 80 * 0.04 
        ELSEIF (TE .LE. 600) THEN 
          XXKET = 0.96 - (TE - 100) / 500 * 0.2 
        ELSEIF (TE .LE. 700) THEN 
          XXKET = 0.76 - (TE - 600) / 100 * 0.05 
        ELSEIF (TE .LE. 800) THEN 
          XXKET = 0.71 - (TE - 700) / 100 * 0.08 
        ELSEIF (TE .LE. 900) THEN 
          XXKET = 0.63 - (TE - 800) / 100 * 0.18 
        ELSEIF (TE .LE. 1000) THEN 
          XXKET = 0.45 - (TE - 900) / 100 * 0.25 
        ELSEIF (TE .LE. 1200) THEN 
          XXKET = 0.2 - (TE - 1000) / 200 * 0.2 
        ELSE 
          XXKET = 0 
        End IF 
    
C...  For Class N cold-formed rebars 
      ELSEIF (MAT.EQ.10) THEN 
        IF (TE .LE. 100) THEN 
          XXXET = 1 
        ELSEIF (TE .LE. 200) THEN 
          XXXET = 1 - (TE - 100) / 100 * 0.13 
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        ELSEIF (TE .LE. 300) THEN 
          XXKET = 0.87 - (TE - 200) / 100 * 0.15 
        ELSEIF (TE .LE. 700) THEN 
          XXKET = 0.72 - (TE - 300) / 400 * 0.64 
        ELSEIF (TE .LE. 800) THEN 
          XXKET = 0.08 - (TE - 700) / 100 * 0.02 
        ELSEIF (TE .LE. 900) THEN 
          XXKET = 0.06 - (TE - 800) / 100 * 0.01 
        ELSEIF (TE .LE. 1000) THEN 
          XXKET = 0.05 - (TE - 900) / 100 * 0.02 
        ELSEIF (TE .LE. 1100) THEN 
          XXKET = 0.03 - (TE - 1000) / 100 * 0.01 
        ELSEIF (TE .LE. 1200) THEN 
          XXKET = 0.02 - (TE - 1100) / 100 * 0.02 
        ELSE 
          XXKET = 0 
        ENDIF 
 
C...  For Class X cold-formed rebars in tension & compression 
      ELSEIF (MAT.EQ.13 .OR. MAT.EQ.14) THEN 
        IF (TE .LE. 100) THEN 
          XXKET = 1 
        ELSEIF (TE .LE. 300) THEN 
          XXKET = 1 - (TE - 100) / 200 * 0.1 
        ELSEIF (TE .LE. 500) THEN 
          XXKET = 0.9 - (TE - 300) / 200 * 0.3 
        ELSEIF (TE .LE. 600) THEN 
          XXKET = 0.6 - (TE - 500) / 100 * 0.29 
        ELSEIF (TE .LE. 700) THEN 
          XXKET = 0.31 - (TE - 600) / 100 * 0.18 
        ELSEIF (TE .LE. 800) THEN 
          XXKET = 0.13 - (TE - 700) / 100 * 0.04 
        ELSEIF (TE .LE. 900) THEN 
          XXKET = 0.09 - (TE - 800) / 100 * 0.02 
        ELSEIF (TE .LE. 1000) THEN 
          XXKET = 0.07 - (TE - 900) / 100 * 0.03 
        ELSEIF (TE .LE. 1200) THEN 
          XXKET = 0.04 * (1200 - TE) / 200 
        ELSE 
          XXKET = 0 
        ENDIF 
    
C...  For cold-worked wires & strands prestressing steel 
      ELSEIF (MAT.EQ.15) THEN 
        IF (TE .LE. 20) THEN 
          XXKET = 1 
        ELSEIF (TE .LE. 100) THEN 
          XXKET = 1 - (TE - 20) / 80 * 0.02 
        ELSEIF (TE .LE. 200) THEN 
          XXKET = 0.98 - (TE - 100) / 100 * 0.03 
        ELSEIF (TE .LE. 400) THEN 
          XXKET = 0.95 - (TE - 200) / 200 * 0.14 
        ELSEIF (TE .LE. 500) THEN 
          XXKET = 0.81 - (TE - 400) / 100 * 0.27 
        ELSEIF (TE .LE. 600) THEN 
          XXKET = 0.54 - (TE - 500) / 100 * 0.13 
        ELSEIF (TE .LE. 700) THEN 
          XXKET = 0.41 - (TE - 600) / 100 * 0.31 
        ELSEIF (TE .LE. 800) THEN 
          XXKET = 0.1 - (TE - 700) / 100 * 0.03 
        ELSEIF (TE .LE. 900) THEN 
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          XXKET = 0.07 - (TE - 800) / 100 * 0.04 
        ELSEIF (TE .LE. 1000) THEN 
          XXKET = 0.03 - (TE - 900) / 100 * 0.03 
        ELSE 
          XXKET = 0 
        ENDIF 
    
C...  For quenched & tempered prestressing steel 
      ELSEIF (MAT.EQ.16) THEN 
        IF (TE .LE. 20) THEN 
          XXKET = 1 
        ELSEIF (TE .LE. 100) THEN 
          XXKET = 1 - (TE - 20) / 80 * 0.24 
        ELSEIF (TE .LE. 200) THEN 
          XXKET = 0.76 - (TE - 100) / 100 * 0.15 
        ELSEIF (TE .LE. 300) THEN 
          XXKET = 0.61 - (TE - 200) / 100 * 0.09 
        ELSEIF (TE .LE. 400) THEN 
          XXKET = 0.52 - (TE - 300) / 100 * 0.11 
        ELSEIF (TE .LE. 500) THEN 
          XXKET = 0.41 - (TE - 400) / 100 * 0.21 
        ELSEIF (TE .LE. 700) THEN 
          XXKET = 0.2 - (TE - 500) / 200 * 0.1 
        ELSEIF (TE .LE. 800) THEN 
          XXKET = 0.1 - (TE - 700) / 100 * 0.04 
        ELSEIF (TE .LE. 1000) THEN 
          XXKET = 0.06 - (TE - 800) / 200 * 0.06 
        ELSE 
          XXKET = 0 
        ENDIF 
C 
 ELSE 
 ENDIF 
 END FUNCTION 
C 
 DOUBLE PRECISION FUNCTION XXKFC(TE, MAT) 
C 
C...  Reduction factor for compressive strength of concrete at 
elevated temperatures 
C 
C IN: dbl TE        Temperature. 
C IN: dbl MAT       Type of material: 
C             = 1    Normal weight - siliceous aggregate concrete 
according to EC2-1.2 (2003) 
C             = 2    Normal weight - calcareous aggregate 
concrete according to EC2-1.2 (2003) 
C             = 3    Light weight concrete according to EC2-1.2 
(2003) 
C             = 4    High-strength - Class 1 concrete according 
to EC2-1.2 (2003) 
C             = 5    High-strength - Class 2 concrete according 
to EC2-1.2 (2003) 
C             = 6    High-strength - Class 3 concrete according 
to EC2-1.2 (2003) 
C 
C OUT: dbl XXKFC    Reduction factor for compressive strength. 
C 
 DOUBLE PRECISION TE 
 INTEGER MAT 
C 
C...  1) For Normal weight - siliceous aggregate concrete 
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   IF (MAT .EQ. 1) THEN 
  IF (TE .LE. 100) THEN 
    XXKFC = 1.00 
  ELSEIF (TE .LE. 200) THEN 
    XXKFC = 1.00 - (TE - 100) / 100 * 0.05 
  ELSEIF (TE .LE. 400) THEN 
    XXKFC = 0.95 - (TE - 200) / 200 * 0.20 
  ELSEIF (TE .LE. 800) THEN 
    XXKFC = 0.75 - (TE - 400) / 400 * 0.60 
  ELSEIF (TE .LE. 900) THEN 
    XXKFC = 0.15 - (TE - 800) / 100 * 0.07 
  ELSEIF (TE .LE. 1000) THEN 
    XXKFC = 0.08 - (TE - 900) / 100 * 0.04 
  ELSEIF (TE .LE. 1100) THEN 
    XXKFC = 0.04 - (TE - 1000) / 100 * 0.03 
  ELSEIF (TE .LE. 1200) THEN 
    XXKFC = 0.01 - (TE - 1100) / 100 * 0.01 
  ELSE 
    XXKFC = 0.00 
  ENDIF 
    
C...  2) For Normal weight - calcareous aggregate concrete 
   ELSEIF (MAT .EQ. 2) THEN 
  IF (TE .LE. 100) THEN 
    XXKFC = 1.00 
  ELSEIF (TE .LE. 200) THEN 
    XXKFC = 1.00 - (TE - 100) / 100 * 0.03 
  ELSEIF (TE .LE. 400) THEN 
    XXKFC = 0.97 - (TE - 200) / 200 * 0.12 
  ELSEIF (TE .LE. 500) THEN 
    XXKFC = 0.85 - (TE - 400) / 100 * 0.11 
  ELSEIF (TE .LE. 600) THEN 
    XXKFC = 0.74 - (TE - 500) / 100 * 0.14 
  ELSEIF (TE .LE. 700) THEN 
    XXKFC = 0.60 - (TE - 600) / 100 * 0.17 
  ELSEIF (TE .LE. 800) THEN 
    XXKFC = 0.43 - (TE - 700) / 100 * 0.16 
  ELSEIF (TE .LE. 900) THEN 
    XXKFC = 0.27 - (TE - 800) / 100 * 0.12 
  ELSEIF (TE .LE. 1000) THEN 
    XXKFC = 0.15 - (TE - 900) / 100 * 0.09 
  ELSEIF (TE .LE. 1100) THEN 
    XXKFC = 0.06 - (TE - 1000) / 100 * 0.04 
  ELSEIF (TE .LE. 1200) THEN 
    XXKFC = 0.02 - (TE - 1100) / 100 * 0.02 
  ELSE 
    XXKFC = 0.00 
  ENDIF 
    
C...  3) For lightweight concrete 
   ELSEIF (MAT .EQ. 3) THEN 
  IF (TE .LE. 300) THEN 
    XXKFC = 1.00 
  ELSEIF (TE .LE. 1100) THEN 
    XXKFC = 1.00 - (TE - 300) / 800 * 0.96 
  ELSEIF (TE .LE. 1200) THEN 
    XXKFC = 0.04 - (TE - 1100) / 100 * 0.04 
  ELSE 
    XXKFC = 0.00 
  ENDIF 
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C...  4) For high-strength concrete class 1 
   ELSEIF (MAT .EQ. 4) THEN 
  IF (TE .LE. 50) THEN 
    XXKFC = 1.00 
  ELSEIF (TE .LE. 100) THEN 
    XXKFC = 1.00 - (TE - 50) / 50 * 0.10 
  ELSEIF (TE .LE. 250) THEN 
    XXKFC = 0.90 
  ELSEIF (TE .LE. 400) THEN 
    XXKFC = 0.90 - (TE - 250) / 150 * 0.15 
  ELSEIF (TE .LE. 800) THEN 
    XXKFC = 0.75 - (TE - 400) / 400 * 0.60 
  ELSEIF (TE .LE. 900) THEN 
    XXKFC = 0.15 - (TE - 800) / 100 * 0.07 
  ELSEIF (TE .LE. 1000) THEN 
    XXKFC = 0.08 - (TE - 900) / 100 * 0.04 
  ELSEIF (TE .LE. 1100) THEN 
    XXKFC = 0.04 - (TE - 1000) / 100 * 0.03 
  ELSEIF (TE .LE. 1200) THEN 
    XXKFC = 0.01 - (TE - 1100) / 100 * 0.01 
  ELSE 
    XXKFC = 0.00 
  ENDIF 
    
C...  5) For high-strength concrete class 2 
   ELSEIF (MAT .EQ. 5) THEN 
  IF (TE .LE. 50) THEN 
    XXKFC = 1.00 
  ELSEIF (TE .LE. 100) THEN 
    XXKFC = 1.00 - (TE - 50) / 50 * 0.25 
  ELSEIF (TE .LE. 400) THEN 
    XXKFC = 0.75 
  ELSEIF (TE .LE. 800) THEN 
    XXKFC = 0.75 - (TE - 400) / 400 * 0.60 
  ELSEIF (TE .LE. 1200) THEN 
    XXKFC = 0.15 - (TE - 800) / 400 * 0.15 
  ELSE 
    XXKFC = 0.00 
  ENDIF 
    
C...  6) For high-strength concrete class 3 
   ELSEIF (MAT .EQ. 6) THEN 
  IF (TE .LE. 50) THEN 
    XXKFC = 1.00 
  ELSEIF (TE .LE. 100) THEN 
    XXKFC = 1.00 - (TE - 50) / 50 * 0.25 
  ELSEIF (TE .LE. 300) THEN 
    XXKFC = 0.75 - (TE - 100) / 200 * 0.10 
  ELSEIF (TE .LE. 400) THEN 
    XXKFC = 0.65 - (TE - 300) / 100 * 0.20 
  ELSEIF (TE .LE. 500) THEN 
    XXKFC = 0.45 - (TE - 400) / 100 * 0.15 
  ELSEIF (TE .LE. 800) THEN 
    XXKFC = 0.30 - (TE - 500) / 300 * 0.15 
  ELSEIF (TE .LE. 900) THEN 
    XXKFC = 0.15 - (TE - 800) / 100 * 0.07 
  ELSEIF (TE .LE. 1000) THEN 
    XXKFC = 0.08 - (TE - 900) / 100 * 0.04 
  ELSEIF (TE .LE. 1100) THEN 
    XXKFC = 0.04 - (TE - 1000) / 100 * 0.03 
  ELSEIF (TE .LE. 1200) THEN 
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    XXKFC = 0.01 - (TE - 1100) / 100 * 0.01 
  ELSE 
    XXKFC = 0.00 
  ENDIF 
   ENDIF 
 
 END FUNCTION 
C 
 DOUBLE PRECISION FUNCTION XXKPT(TE,MAT) 
C     Other steels    : Reduction factor for proportional limit 
C     Stainless steels: Reduction factor for 0.2% proof strength 
k0.2p,theta 
C     by TWS (29-10-2005) 
C     IN: dbl TE    Temperature 
C     IN: dbl MAT   Type of material: 
C             = 1   Hot-rolled mild steel according to EN1993-1-2: 
2005 
C             = 2   Cold-formed mild steel according to EN1993-1-2: 
2005 
C             = 3   Light-gauge steel according to EN1993-1-2: 2005 
C             = 4   Stainless steel grade 1.4301 according to EN1993-
1-2: 2005 
C             = 5   Stainless steel grade 1.4401/1.4404 
C             = 6   Stainless steel grade 1.4571 
C             = 7   Stainless steel grade 1.4003 
C             = 8   Stainless steel grade 1.4462 
C             = 10  Class N hot-rolled reinforcing steel in tension 
with 
C                   strain > 2% according to EN1992-1-2: 2004 
C             = 11  Class N cold-formed reinforcing steel in tension 
with strain > 2% 
C             = 12  Class N reinforcing steel in compression & tension 
with strain < 2% 
C             = 13  Class X reinforcing steel in tension with strain > 
2% 
C             = 14  Class X reinforcing steel in compression & tension 
with strain < 2% 
C             = 15  cold-worked wires & strands prestressing steel 
C             = 16  Quenched & tempered prestressing steel 
C             = 17  Bolts according to EN1993-1-2: 2004 
C             = 18  Welds according to EN1993-1-2: 2004 
C             = 20  Steel with stress-strain curve comprising a linear 
elastic up 
C                   to fp (=fy) followed by elliptic strain hardening 
curve up to 
C                   fu at fracture strain (Note : At ambient 
temperature only!) 
C 
C OUT: dbl XXKPT  Reduction factor for proportional limit. 
C 
 DOUBLE PRECISION TE 
 INTEGER MAT 
 
C...  For Hot-rolled mild steel, light-gauge steel & Class N hot-
rolled rebars 
 IF (MAT.EQ.1 .OR. MAT.EQ.3 .OR. MAT.EQ.10 .OR. MAT.EQ.20) THEN 
   IF (TE .LE. 100) THEN 
     XXKPT = 1 
   ELSEIF (TE .LE. 400) THEN 
     XXKPT = 1 - 0.58 * (TE - 100) / 300 
   ELSEIF (TE .LE. 500) THEN 
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     XXKPT = 0.42 - 0.06 * (TE - 400) / 100 
   ELSEIF (TE .LE. 600) THEN 
     XXKPT = 0.36 - 0.18 * (TE - 500) / 100 
   ELSEIF (TE .LE. 700) THEN 
     XXKPT = 0.18 - 0.105 * (TE - 600) / 100 
   ELSEIF (TE .LE. 800) THEN 
     XXKPT = 0.075 - 0.025 * (TE - 700) / 100 
   ELSEIF (TE .LE. 1200) THEN 
     XXKPT = 0.05 - 0.05 * (TE - 800) / 400 
   ELSE 
     XXKPT = 0 
   ENDIF 
 
C...  For stainless steel grade 1.4301 
 ELSEIF (MAT.EQ.4) THEN 
   IF (TE .LE. 20) THEN 
     XXKPT = 1 
   ELSEIF (TE .LE. 100) THEN 
     XXKPT = 1 - (TE - 20) / 80 * 0.18 
   ELSEIF (TE .LE. 200) THEN 
     XXKPT = 0.82 - (TE - 100) / 100 * 0.14 
   ELSEIF (TE .LE. 400) THEN 
     XXKPT = 0.68 - (TE - 200) / 200 * 0.08 
   ELSEIF (TE .LE. 500) THEN 
     XXKPT = 0.6 - (TE - 400) / 100 * 0.06 
   ELSEIF (TE .LE. 600) THEN 
     XXKPT = 0.54 - (TE - 500) / 100 * 0.05 
   ELSEIF (TE .LE. 700) THEN 
     XXKPT = 0.49 - (TE - 600) / 100 * 0.09 
   ELSEIF (TE .LE. 900) THEN 
     XXKPT = 0.4 - (TE - 700) / 200 * 0.26 
   ELSEIF (TE .LE. 1000) THEN 
     XXKPT = 0.14 - (TE - 900) / 100 * 0.08 
   ELSEIF (TE .LE. 1200) THEN 
     XXKPT = 0.06 - (TE - 1000) / 200 * 0.06 
   ELSE 
     XXKPT = 0 
   ENDIF 
    
C...  For stainless steel grade 1.4401/1.4404 
      ELSEIF(MAT.EQ.5) THEN 
        IF (TE .LE. 20) THEN 
          XXKPT = 1 
        ELSEIF (TE .LE. 100) THEN 
          XXKPT = 1 - (TE - 20) / 80 * 0.12 
        ELSEIF (TE .LE. 200) THEN 
  XXKPT = 0.88 - (TE - 100) / 100 * 0.12 
        ELSEIF (TE .LE. 400) THEN 
  XXKPT = 0.76 - (TE - 200) / 200 * 0.1 
        ELSEIF (TE .LE. 500) THEN 
  XXKPT = 0.66 - (TE - 400) / 100 * 0.03 
        ELSEIF (TE .LE. 600) THEN 
  XXKPT = 0.63 - (TE - 500) / 100 * 0.02 
        ELSEIF (TE .LE. 700) THEN 
  XXKPT = 0.61 - (TE - 600) / 100 * 0.1 
        ELSEIF (TE .LE. 800) THEN 
  XXKPT = 0.51 - (TE - 700) / 100 * 0.11 
        ELSEIF (TE .LE. 900) THEN 
  XXKPT = 0.4 - (TE - 800) / 100 * 0.21 
        ELSEIF (TE .LE. 1000) THEN 
  XXKPT = 0.19 - (TE - 900) / 100 * 0.09 
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        ELSEIF (TE .LE. 1200) THEN 
  XXKPT = 0.1 - (TE - 1000) / 200 * 0.1 
        ELSE 
  XXKPT = 0 
        ENDIF 
    
C...  For stainless steel grade 1.4571 
      ELSEIF (MAT.EQ.6) THEN 
        IF (TE .LE. 20) THEN 
  XXKPT = 1 
        ELSEIF (TE .LE. 100) THEN 
  XXKPT = 1 - (TE - 20) / 80 * 0.11 
        ELSEIF (TE .LE. 300) THEN 
  XXKPT = 0.89 - (TE - 100) / 200 * 0.12 
        ELSEIF (TE .LE. 400) THEN 
  XXKPT = 0.77 - (TE - 300) / 100 * 0.05 
        ELSEIF (TE .LE. 600) THEN 
  XXKPT = 0.72 - (TE - 400) / 200 * 0.06 
        ELSEIF (TE .LE. 700) THEN 
  XXKPT = 0.66 - (TE - 600) / 100 * 0.07 
        ELSEIF (TE .LE. 800) THEN 
  XXKPT = 0.59 - (TE - 700) / 100 * 0.09 
        ELSEIF (TE .LE. 900) THEN 
  XXKPT = 0.5 - (TE - 800) / 100 * 0.22 
        ELSEIF (TE .LE. 1000) THEN 
  XXKPT = 0.28 - (TE - 900) / 100 * 0.13 
        ELSEIF (TE .LE. 1200) THEN 
  XXKPT = 0.15 - (TE - 1000) / 200 * 0.15 
        ELSE 
  XXKPT = 0 
        ENDIF 
    
C...  For stainless steel grade 1.4003 
      ELSEIF (MAT.EQ.7) THEN 
        IF (TE .LE. 200) THEN 
  XXKPT = 1 
        ELSEIF (TE .LE. 300) THEN 
  XXKPT = 1 - (TE - 200) / 100 * 0.02 
        ELSEIF (TE .LE. 400) THEN 
  XXKPT = 0.98 - (TE - 300) / 100 * 0.07 
        ELSEIF (TE .LE. 500) THEN 
  XXKPT = 0.91 - (TE - 400) / 100 * 0.11 
        ELSEIF (TE .LE. 600) THEN 
  XXKPT = 0.8 - (TE - 500) / 100 * 0.35 
        ELSEIF (TE .LE. 700) THEN 
  XXKPT = 0.45 - (TE - 600) / 100 * 0.26 
        ELSEIF (TE .LE. 800) THEN 
  XXKPT = 0.19 - (TE - 700) / 100 * 0.06 
        ELSEIF (TE .LE. 1000) THEN 
          XXKPT = 0.13 - (TE - 800) / 200 * 0.06 
        ELSEIF (TE .LE. 1200) THEN 
          XXKPT = 0.07 - (TE - 1000) / 200 * 0.07 
        ELSE 
          XXKPT = 0 
        ENDIF 
    
C...  For stainless steel grade 1.4462 
      ELSEIF (MAT.EQ.8) THEN 
        IF (TE .LE. 20) THEN 
          XXKPT = 1 
        ELSEIF (TE .LE. 100) THEN 
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          XXKPT = 1 - (TE - 20) / 80 * 0.09 
        ELSEIF (TE .LE. 200) THEN 
          XXKPT = 0.91 - (TE - 100) / 100 * 0.11 
        ELSEIF (TE .LE. 300) THEN 
          XXKPT = 0.8 - (TE - 200) / 100 * 0.05 
        ELSEIF (TE .LE. 400) THEN 
          XXKPT = 0.75 - (TE - 300) / 100 * 0.03 
        ELSEIF (TE .LE. 500) THEN 
          XXKPT = 0.72 - (TE - 400) / 100 * 0.07 
        ELSEIF (TE .LE. 600) THEN 
          XXKPT = 0.65 - (TE - 500) / 100 * 0.09 
        ELSEIF (TE .LE. 700) THEN 
          XXKPT = 0.56 - (TE - 600) / 100 * 0.19 
        ELSEIF (TE .LE. 800) THEN 
          XXKPT = 0.37 - (TE - 700) / 100 * 0.11 
        ELSEIF (TE .LE. 900) THEN 
          XXKPT = 0.26 - (TE - 800) / 100 * 0.16 
        ELSEIF (TE .LE. 1000) THEN 
          XXKPT = 0.1 - (TE - 900) / 100 * 0.07 
        ELSEIF (TE .LE. 1200) THEN 
          XXKPT = 0.03 - (TE - 1000) / 200 * 0.03 
        ELSE 
          XXKPT = 0 
        ENDIF 
 
C...  For Class N cold-formed rebars 
      ELSEIF (MAT.EQ.11) THEN 
        IF (TE .LE. 20) THEN 
          XXKPT = 1 
        ELSEIF (TE .LE. 100) THEN 
          XXKPT = 1 - (TE - 20) / 80 * 0.04 
        ELSEIF (TE .LE. 200) THEN 
          XXKPT = 0.96 - (TE - 100) / 100 * 0.04 
        ELSEIF (TE .LE. 300) THEN 
          XXKPT = 0.92 - (TE - 200) / 100 * 0.11 
        ELSEIF (TE .LE. 700) THEN 
          XXKPT = 0.81 - (TE - 300) / 400 * 0.73 
        ELSEIF (TE .LE. 800) THEN 
          XXKPT = 0.08 - (TE - 700) / 100 * 0.02 
        ELSEIF (TE .LE. 900) THEN 
          XXKPT = 0.06 - (TE - 800) / 100 * 0.01 
        ELSEIF (TE .LE. 1000) THEN 
          XXKPT = 0.05 - (TE - 900) / 100 * 0.02 
        ELSEIF (TE .LE. 1100) THEN 
          XXKPT = 0.03 - (TE - 1000) / 100 * 0.01 
        ELSEIF (TE .LE. 1200) THEN 
          XXKPT = 0.02 - (TE - 1100) / 100 * 0.02 
        ELSE 
          XXKPT = 0 
        ENDIF 
    
C...  For Class X rebars - Hot rolled & cold-formed 
      ELSEIF (MAT.EQ.13 .OR. MAT.EQ.14) THEN 
        IF (TE .LE. 100) THEN 
          XXKPT = 1 
        ELSEIF (TE .LE. 300) THEN 
          XXKPT = 1 - (TE - 100) / 200 * 0.26 
        ELSEIF (TE .LE. 400) THEN 
          XXKPT = 0.74 - (TE - 300) / 100 * 0.04 
        ELSEIF (TE .LE. 500) THEN 
          XXKPT = 0.7 - (TE - 400) / 100 * 0.19 
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        ELSEIF (TE .LE. 600) THEN 
          XXKPT = 0.51 - (TE - 500) / 100 * 0.33 
        ELSEIF (TE .LE. 700) THEN 
          XXKPT = 0.18 - (TE - 600) / 100 * 0.11 
        ELSEIF (TE .LE. 800) THEN 
          XXKPT = 0.07 - (TE - 700) / 100 * 0.02 
        ELSEIF (TE .LE. 900) THEN 
          XXKPT = 0.05 - (TE - 800) / 100 * 0.01 
        ELSEIF (TE .LE. 1000) THEN 
          XXKPT = 0.04 - (TE - 900) / 100 * 0.02 
        ELSEIF (TE .LE. 1200) THEN 
          XXKPT = 0.02 * (1200 - TE) / 200 
        ELSE 
          XXKPT = 0 
        ENDIF 
 
C...  For cold-worked wires & strands prestressing steel 
      ELSEIF (MAT.EQ.15) THEN 
        IF (TE .LE. 20) THEN 
          XXKPT = 1 
        ELSEIF (TE .LE. 100) THEN 
          XXKPT = 1 - (TE - 20) / 80 * 0.32 
        ELSEIF (TE .LE. 200) THEN 
          XXKPT = 0.68 - (TE - 100) / 100 * 0.17 
        ELSEIF (TE .LE. 400) THEN 
          XXKPT = 0.51 - (TE - 200) / 200 * 0.38 
        ELSEIF (TE .LE. 500) THEN 
          XXKPT = 0.13 - (TE - 400) / 100 * 0.06 
        ELSEIF (TE .LE. 700) THEN 
          XXKPT = 0.07 - (TE - 500) / 200 * 0.04 
        ELSEIF (TE .LE. 1000) THEN 
          XXKPT = 0.03 - (TE - 700) / 300 * 0.03 
        ELSE 
          XXKPT = 0 
        ENDIF 
    
C...  For quenched & tempered prestressing steel 
      ELSEIF (MAT.EQ.16) THEN 
        IF (TE .LE. 20) THEN 
          XXKPT = 1 
        ELSEIF (TE .LE. 100) THEN 
          XXKPT = 1 - (TE - 20) / 80 * 0.23 
        ELSEIF (TE .LE. 200) THEN 
          XXKPT = 0.77 - (TE - 100) / 100 * 0.15 
        ELSEIF (TE .LE. 300) THEN 
          XXKPT = 0.62 - (TE - 200) / 100 * 0.04 
        ELSEIF (TE .LE. 400) THEN 
          XXKPT = 0.58 - (TE - 300) / 100 * 0.06 
        ELSEIF (TE .LE. 500) THEN 
          XXKPT = 0.52 - (TE - 400) / 100 * 0.38 
        ELSEIF (TE .LE. 600) THEN 
          XXKPT = 0.14 - (TE - 500) / 100 * 0.03 
        ELSEIF (TE .LE. 700) THEN 
          XXKPT = 0.11 - (TE - 600) / 100 * 0.02 
        ELSEIF (TE .LE. 1000) THEN 
          XXKPT = 0.09 - (TE - 700) / 300 * 0.09 
        ELSE 
          XXKPT = 0 
        ENDIF 
 ELSE 
 ENDIF 
  256
 END 
C 
 DOUBLE PRECISION FUNCTION XXKYT(TE,MAT) 
C     Other steels    : Reduction factor for yield strength 
C     Stainless steels: Reduction factor for tensile strength ku,theta 
C     by TWS (29-10-2005) 
C     IN: dbl TE    Temperature 
C     IN: dbl MAT   Type of material: 
C             = 1   Hot-rolled mild steel according to EN1993-1-2: 
2005 
C             = 2   Cold-formed mild steel according to EN1993-1-2: 
2005 
C             = 3   Light-gauge steel according to EN1993-1-2: 2005 
C             = 4   Stainless steel grade 1.4301 according to EN1993-
1-2: 2005 
C             = 5   Stainless steel grade 1.4401/1.4404 
C             = 6   Stainless steel grade 1.4571 
C             = 7   Stainless steel grade 1.4003 
C             = 8   Stainless steel grade 1.4462 
C             = 10  Class N hot-rolled reinforcing steel in tension 
with 
C                   strain > 2% according to EN1992-1-2: 2004 
C             = 11  Class N cold-formed reinforcing steel in tension 
with strain > 2% 
C             = 12  Class N reinforcing steel in compression & tension 
with strain < 2% 
C             = 13  Class X reinforcing steel in tension with strain > 
2% 
C             = 14  Class X reinforcing steel in compression & tension 
with strain < 2% 
C             = 15  cold-worked wires & strands prestressing steel 
C             = 16  Quenched & tempered prestressing steel 
C             = 17  Bolts according to EN1993-1-2: 2004 
C             = 18  Welds according to EN1993-1-2: 2004 
C             = 20  Steel with stress-strain curve comprising a linear 
elastic up 
C                   to fp (=fy) followed by elliptic strain hardening 
curve up to 
C                   fu at fracture strain (Note : At ambient 
temperature only!) 
C 
C     OUT: dbl XXKYT  Reduction factor for yield strength 
 
 DOUBLE PRECISION TE 
 INTEGER MAT 
 
C...  For Hot-rolled mild steel & Class N hot-rolled rebars 
      IF (MAT.EQ.1 .OR.MAT.EQ.10) THEN 
        IF (TE .LE. 400) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 1 - 0.22 * (TE - 400) / 100 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.78 - 0.31 * (TE - 500) / 100 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.47 - 0.24 * (TE - 600) / 100 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.23 - 0.12 * (TE - 700) / 100 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.11 - 0.05 * (TE - 800) / 100 
        ELSEIF(TE .LE. 1200) THEN 
  257
          XXKYT = 0.06 - 0.06 * (TE - 900) / 300 
        ELSE 
          XXKYT = 0 
      ENDIF 
    
C...  For hot-rolled & cold-formed light gauge steel - fy taken as 
0.2% proof strength 
      ELSEIF(MAT.EQ.3) THEN 
        IF (TE .LE. 100) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 1 - (TE - 100) / 200 * 0.22 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.78 - (TE - 300) / 100 * 0.13 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.65 - (TE - 400) / 100 * 0.12 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.53 - (TE - 500) / 100 * 0.23 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.3 - (TE - 600) / 100 * 0.17 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.13 - (TE - 700) / 100 * 0.06 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.07 - (TE - 800) / 200 * 0.04 
        ELSEIF(TE .LE. 1100) THEN 
          XXKYT = 0.03 - (TE - 1000) / 100 * 0.01 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.02 - (TE - 1100) / 100 * 0.02 
        ELSE 
          XXKYT = 0 
        ENDIF 
    
C... For stainless steel grade 1.4301 
      ELSEIF(MAT.EQ.4) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.13 
        ELSEIF(TE .LE. 200) THEN 
          XXKYT = 0.87 - (TE - 100) / 100 * 0.1 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.77 - (TE - 200) / 100 * 0.04 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.73 - (TE - 300) / 100 * 0.01 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.72 - (TE - 400) / 100 * 0.05 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.67 - (TE - 500) / 100 * 0.09 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.58 - (TE - 600) / 100 * 0.15 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.43 - (TE - 700) / 100 * 0.16 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.27 - (TE - 800) / 100 * 0.12 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.15 - (TE - 900) / 100 * 0.08 
        ELSEIF(TE .LE. 1100) THEN 
          XXKYT = 0.07 - (TE - 1000) / 100 * 0.04 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.03 - (TE - 1100) / 100 * 0.03 
        ELSE 
  258
          XXKYT = 0 
        ENDIF 
    
C... For stainless steel grade 1.4401/1.4404 
      ELSEIF(MAT.EQ.5) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.07 
        ELSEIF(TE .LE. 200) THEN 
          XXKYT = 0.93 - (TE - 100) / 100 * 0.06 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.87 - (TE - 200) / 100 * 0.03 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.84 - (TE - 300) / 100 * 0.01 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.83 - (TE - 400) / 100 * 0.04 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.79 - (TE - 500) / 100 * 0.07 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.72 - (TE - 600) / 100 * 0.17 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.55 - (TE - 700) / 100 * 0.21 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.34 - (TE - 800) / 100 * 0.16 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.18 - (TE - 900) / 100 * 0.09 
        ELSEIF(TE .LE. 1100) THEN 
          XXKYT = 0.09 - (TE - 1000) / 100 * 0.05 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.04 - (TE - 1100) / 100 * 0.04 
        ELSE 
          XXKYT = 0 
        ENDIF 
    
C... For stainless steel grade 1.4571 
      ELSEIF(MAT.EQ.6) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.12 
        ELSEIF(TE .LE. 200) THEN 
          XXKYT = 0.88 - (TE - 100) / 100 * 0.07 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.81 - (TE - 200) / 100 * 0.01 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.8 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.8 - (TE - 400) / 100 * 0.03 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.77 - (TE - 500) / 100 * 0.06 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.71 - (TE - 600) / 100 * 0.14 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.57 - (TE - 700) / 100 * 0.19 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.38 - (TE - 800) / 100 * 0.16 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.22 - (TE - 900) / 100 * 0.11 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.11 - (TE - 1000) / 200 * 0.11 
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        ELSE 
          XXKYT = 0 
        ENDIF 
    
C... For stainless steel grade 1.4003 
      ELSEIF(MAT.EQ.7) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.06 
        ELSEIF(TE .LE. 200) THEN 
          XXKYT = 0.94 - (TE - 100) / 100 * 0.06 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.88 - (TE - 200) / 100 * 0.02 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.86 - (TE - 300) / 100 * 0.03 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.83 - (TE - 400) / 100 * 0.02 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.81 - (TE - 500) / 100 * 0.39 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.42 - (TE - 600) / 100 * 0.21 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.21 - (TE - 700) / 100 * 0.09 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.12 - (TE - 800) / 100 * 0.01 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.11 - (TE - 900) / 100 * 0.02 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.09 - (TE - 1000) / 200 * 0.09 
        ELSE 
          XXKYT = 0 
        ENDIF 
    
C... For stainless steel grade 1.4462 
      ELSEIF(MAT.EQ.8) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.07 
        ELSEIF(TE .LE. 200) THEN 
          XXKYT = 0.93 - (TE - 100) / 100 * 0.08 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.85 - (TE - 200) / 100 * 0.02 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.83 - (TE - 300) / 100 * 0.01 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.82 - (TE - 400) / 100 * 0.11 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.71 - (TE - 500) / 100 * 0.14 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.57 - (TE - 600) / 100 * 0.19 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.38 - (TE - 700) / 100 * 0.09 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.29 - (TE - 800) / 100 * 0.17 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.12 - (TE - 900) / 100 * 0.08 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.04 - (TE - 1000) / 200 * 0.04 
        ELSE 
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          XXKYT = 0 
        ENDIF 
      
C...  For Class N cold-formed rebars in tension 
      ELSEIF(MAT.EQ.11) THEN 
        IF (TE .LE. 300) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 1 - (TE - 300) / 100 * 0.06 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.94 - (TE - 400) / 200 * 0.54 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.4 - (TE - 600) / 100 * 0.28 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.12 - (TE - 700) / 100 * 0.01 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.11 - (TE - 800) / 400 * 0.11 
        ELSE 
          XXKYT = 0 
      ENDIF 
 
C...  For Class N reinforcing steel in compression & tension with 
strain < 2% 
      ELSEIF(MAT.EQ.12) THEN 
        IF (TE .LE. 300) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.7 - 0.3 * (TE - 400) / 300 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.57 - 0.13 * (TE - 500) / 100 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.1 - 0.47 * (TE - 700) / 200 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.1 * (1200 - TE) / 500 
        ELSE 
          XXKYT = 0 
        ENDIF 
    
C...  For Class X reinforcing steel in tension with strain > 2% 
      ELSEIF(MAT.EQ.13) THEN 
        IF (TE .LE. 300) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 1 - (TE - 300) / 100 * 0.1 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.9 - (TE - 400) / 100 * 0.2 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.7 - (TE - 500) / 100 * 0.23 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.47 - (TE - 600) / 100 * 0.24 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.23 - (TE - 700) / 100 * 0.12 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.11 - (TE - 800) / 100 * 0.05 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.06 * (1200 - TE) / 300 
        ELSE 
          XXKYT = 0 
        ENDIF 
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C...  For Class X reinforcing steel in compression & tension with 
strain < 2% 
      ELSEIF(MAT.EQ.14) THEN 
        IF (TE .LE. 100) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.8 - 0.2 * (TE - 400) / 300 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.6 - 0.2 * (TE - 500) / 100 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.33 - 0.27 * (TE - 600) / 100 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.15 - 0.18 * (TE - 700) / 100 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.08 - 0.07 * (TE - 800) / 100 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.05 - 0.03 * (TE - 900) / 100 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.04 - 0.01 * (TE - 1000) / 100 
        ELSEIF(TE .LE. 1200) THEN 
          XXKYT = 0.04 * (1200 - TE) / 200 
        ELSE 
          XXKYT = 0 
        ENDIF 
    
C... For wires & strands prestressing steel 
      ELSEIF(MAT.EQ.15) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.01 
        ELSEIF(TE .LE. 200) THEN 
          XXKYT = 0.99 - (TE - 100) / 100 * 0.12 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.87 - (TE - 200) / 100 * 0.15 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.72 - (TE - 300) / 100 * 0.26 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.46 - (TE - 400) / 100 * 0.24 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.22 - (TE - 500) / 100 * 0.12 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.1 - (TE - 600) / 100 * 0.02 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.08 - (TE - 700) / 100 * 0.03 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.05 - (TE - 800) / 100 * 0.02 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.03 - (TE - 900) / 100 * 0.03 
        ELSE 
          XXKYT = 0 
        ENDIF 
    
C... For quenched & tempered prestressing steel 
      ELSEIF(MAT.EQ.16) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.02 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.98 - (TE - 100) / 200 * 0.12 
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        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.86 - (TE - 300) / 100 * 0.17 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.69 - (TE - 400) / 100 * 0.43 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.26 - (TE - 500) / 100 * 0.05 
        ELSEIF(TE .LE. 800) THEN 
          XXKYT = 0.21 - (TE - 600) / 200 * 0.12 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.09 - (TE - 800) / 100 * 0.05 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.04 - (TE - 900) / 100 * 0.04 
        ELSE 
          XXKYT = 0 
        ENDIF 
    
C...  For bolts - tension & shear strength 
      ELSEIF(MAT.EQ.17) THEN 
        IF (TE .LE. 20) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 100) THEN 
          XXKYT = 1 - (TE - 20) / 80 * 0.032 
        ELSEIF(TE .LE. 150) THEN 
          XXKYT = 0.968 - (TE - 100) / 50 * 0.016 
        ELSEIF(TE .LE. 200) THEN 
          XXKYT = 0.952 - (TE - 150) / 50 * 0.017 
        ELSEIF(TE .LE. 300) THEN 
          XXKYT = 0.935 - (TE - 200) / 100 * 0.032 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 0.903 - (TE - 300) / 100 * 0.128 
        ELSEIF(TE .LE. 500) THEN 
          XXKYT = 0.775 - (TE - 400) / 100 * 0.225 
        ELSEIF(TE .LE. 600) THEN 
          XXKYT = 0.55 - (TE - 500) / 100 * 0.33 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.22 - (TE - 600) / 100 * 0.12 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.1 - (TE - 700) / 300 * 0.1 
        ELSE 
          XXKYT = 0 
        ENDIF 
C...  For fillet welds 
      ELSEIF(MAT.EQ.18) THEN 
        IF (TE .LE. 300) THEN 
          XXKYT = 1 
        ELSEIF(TE .LE. 400) THEN 
          XXKYT = 1 - (TE - 300) / 100 * 0.124 
        ELSEIF(TE .LE. 700) THEN 
          XXKYT = 0.876 - (TE - 400) / 300 * 0.746 
        ELSEIF(TE .LE. 900) THEN 
          XXKYT = 0.13 - (TE - 700) / 200 * 0.112 
        ELSEIF(TE .LE. 1000) THEN 
          XXKYT = 0.018 - (TE - 900) / 100 * 0.018 
        ELSE 
          XXKYT = 0 
        ENDIF 
 ELSE 
 ENDIF 
 END 
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14 APPENDIX D 
DIANA INPUT FILE 
 
 
 
Input File for the Structural Analysis 
 
FEMGEN LAYER                 
PROPERTY FE-PROG DIANA STRUCT_3D   
YES 
!----------------------! 
!SPECIFICATION OF UNITS! 
!----------------------!  
UTILITY SETUP UNITS LENGTH MILLIMETER        
UTILITY SETUP UNITS TEMPER CELSIUS     
UTILITY SETUP UNITS TIME SECOND 
UTILITY SETUP UNITS FORCE NEWTON 
!-------------------------! 
!SPECIFICATION OF GEOMETRY! 
!-------------------------! 
CONSTRUCT SET OPEN FRON 
GEOMETRY POINT COORD P1 0 0 0 
GEOMETRY POINT COORD P2 4750 0 0  
GEOMETRY POINT COORD P3 4750 0 42 
GEOMETRY POINT COORD P4 4750 0 45 
GEOMETRY POINT COORD P5 4750 0 45.14 
GEOMETRY POINT COORD P6 4750 0 48.14 
GEOMETRY POINT COORD P7 4750 0 120 
GEOMETRY POINT COORD P8 0 0 120 
GEOMETRY POINT COORD P9 0 0 48.14  
GEOMETRY POINT COORD P10 0 0 45.14 
GEOMETRY POINT COORD P11 0 0 45 
GEOMETRY POINT COORD P12 0 0 42 
GEOMETRY SURFACE 4POINTS S1 P1 P2 P3 P12 
GEOMETRY SURFACE 4POINTS S2 P12 P3 P4 P11 
GEOMETRY SURFACE 4POINTS S3 P11 P4 P5 P10 
GEOMETRY SURFACE 4POINTS S4 P10 P5 P6 P9 
GEOMETRY SURFACE 4POINTS S5 P9 P6 P7 P8 
CONSTRUCT SET CLOSE FRON 
CONSTRUCT SPACE TOLERANCE OFF 
GEOMETRY COPY FRON TRANSLATE 0 3230 0 
CONSTRUCT SPACE TOLERANCE ABSOLUTE 0.001 
CONSTRUCT SPACE TOLERANCE ON 
GEOMETRY BODY 2SURFS B1 S1 S6 
GEOMETRY BODY 2SURFS B2 S2 S7 
GEOMETRY BODY 2SURFS B3 S3 S8 
GEOMETRY BODY 2SURFS B4 S4 S9 
GEOMETRY BODY 2SURFS B5 S5 S10 
CONSTRUCT SET CON APPEND BODIES B1 B5 
CONSTRUCT SET STE APPEND BODIES B3 
CONSTRUCT SET INT APPEND BODIES B2 B4 
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!-----------------------------------! 
!SPECIFICATION OF ELEMENTS & MESHING! 
!-----------------------------------!  
MESHING TYPES CON HE20 CHX60 
MESHING TYPES STE HE20 CHX60 
MESHING TYPES B2 IS88 CQ48I BASE S16 
MESHING TYPES B4 IS88 CQ48I BASE S19 
MESHING DIVISION BODY INT 22 20 1 
MESHING DIVISION BODY STE 22 2 20 
MESHING DIVISION BODY B1 22 4 20 
MESHING DIVISION BODY B5 22 6 20 
MESHING GENERATE 
vIEW MESH 
EYE FRAME 
!------------------------------------! 
!SPECIFICATION OF MATERIAL PROPERTIES! 
!------------------------------------!  
PROPERTY MATERIAL MCONB ELASTIC ISOTROP 27966.77 0.2 
PROPERTY MATERIAL MCONB STATNONL CONCBRIT CRACK CONSTA TENSIO5 TAUCRI1 
NONE 2.727 0.09 73.20 3 6.93 0.2 
PROPERTY MATERIAL MCONB EXTERNAL EXTERNAL "CONCRETE.dat" 
PROPERTY MATERIAL MCONT ELASTIC ISOTROP 27966.77 0.2 
PROPERTY MATERIAL MCONT STATNONL CONCBRIT CRACK CONSTA TENSIO5 TAUCRI1 
NONE 2.727 0.09 75.77 3 6.93 0.2 
PROPERTY MATERIAL MCONT EXTERNAL EXTERNAL "CONCRETE.dat" 
PROPERTY MATERIAL MINT ELASTIC INTERFAC 1000 1.27 
PROPERTY MATERIAL MINT STATNONL INTERFAC BONDSLIP MULTILIN 
"BONDCURVE.dat" 
PROPERTY MATERIAL MSTE ELASTIC ISOTROP 200000 0.3 
PROPERTY MATERIAL MSTE EXTERNAL EXTERNAL "STEEL.dat" 
PROPERTY ATTACH B1 MCONB 
PROPERTY ATTACH B5 MCONT 
PROPERTY ATTACH INT MINT 
PROPERTY ATTACH STE MSTE 
!------------------------------------! 
!SPECIFICATION OF BOUNDARY CONDITIONS! 
!------------------------------------!   
CONSTRUCT SET YBON APPEND SURFACES S6 S7 S8 S9 S10 
CONSTRUCT SET XBON APPEND SURFACES S12 S15 S18 S21 S24 
PROPERTY BOUNDARY CONSTRAINT YBON Y 
PROPERTY BOUNDARY CONSTRAINT XBON X 
PROPERTY BOUNDARY CONSTRAINT L33 Z 
PROPERTY BOUNDARY CONSTRAINT L1 Z 
!----------------------! 
!SPECIFICATION OF LOADS! 
!----------------------!    
PROPERTY LOADS PRESSURE 1 S25 -.00481 Z 
!-------------------------------! 
!TRANSLATE THE INTERFACE SURFACE! 
!-------------------------------! 
CONSTRUCT TRANSFRM TRANSLATE TR2 P12 P11 
CONSTRUCT TRANSFRM TRANSLATE TR3 P9 P10 
GEOMETRY MOVE S13 TR2 
  yes 
GEOMETRY MOVE S22 TR3 
  yes 
MESHING GENERATE 
vIEW MESH 
EYE FRAME 
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!-----------------! 
!WRITE A DATA FILE! 
!-----------------! 
UTILITY WRITE DIANA LAYER.DAT 
YES 
SAVE  
YES 
 
Input File for the Thermal Analysis 
 
FEMGEN CARD-TH                 
PROPERTY FE-PROG DIANA HTSTAG_3D   
YES 
!----------------------! 
!SPECIFICATION OF UNITS! 
!----------------------!  
UTILITY SETUP UNITS LENGTH MILLIMETER        
UTILITY SETUP UNITS TEMPER CELSIUS     
UTILITY SETUP UNITS TIME SECOND 
UTILITY SETUP UNITS FORCE NEWTON 
!-------------------------! 
!SPECIFICATION OF GEOMETRY! 
!-------------------------! 
CONSTRUCT SET OPEN FRON 
GEOMETRY POINT COORD P1 0 0 0 
GEOMETRY POINT COORD P2 4500 0 0  
GEOMETRY POINT COORD P3 4500 0 42 
GEOMETRY POINT COORD P4 4500 0 45 
GEOMETRY POINT COORD P5 4500 0 45.14 
GEOMETRY POINT COORD P6 4500 0 48.14 
GEOMETRY POINT COORD P7 4500 0 100 
GEOMETRY POINT COORD P8 0 0 100 
GEOMETRY POINT COORD P9 0 0 48.14  
GEOMETRY POINT COORD P10 0 0 45.14 
GEOMETRY POINT COORD P11 0 0 45 
GEOMETRY POINT COORD P12 0 0 42 
GEOMETRY SURFACE 4POINTS S1 P1 P2 P3 P12 
GEOMETRY SURFACE 4POINTS S2 P12 P3 P4 P11 
GEOMETRY SURFACE 4POINTS S3 P11 P4 P5 P10 
GEOMETRY SURFACE 4POINTS S4 P10 P5 P6 P9 
GEOMETRY SURFACE 4POINTS S5 P9 P6 P7 P8 
CONSTRUCT SET CLOSE FRON 
CONSTRUCT SPACE TOLERANCE OFF 
GEOMETRY COPY FRON TRANSLATE 0 3000 0 
CONSTRUCT SPACE TOLERANCE ABSOLUTE 0.001 
CONSTRUCT SPACE TOLERANCE ON 
GEOMETRY BODY 2SURFS B1 S1 S6 
GEOMETRY BODY 2SURFS B2 S2 S7 
GEOMETRY BODY 2SURFS B3 S3 S8 
GEOMETRY BODY 2SURFS B4 S4 S9 
GEOMETRY BODY 2SURFS B5 S5 S10 
CONSTRUCT SET CON APPEND BODIES B1 B5 
CONSTRUCT SET STE APPEND BODIES B3 
CONSTRUCT SET INT APPEND BODIES B2 B4 
CONSTRUCT SET SLAB APPEND BODIES B1 B2 B3 B4 B5 
!----------------------------------! 
!SPECIFICATION OF BOUNDARY SURFACES! 
!----------------------------------! 
CONSTRUCT SPACE TOLERANCE OFF 
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CONSTRUCT SET OPEN BOUBOT 
GEOMETRY COPY S11 S11B TRANSLATE 0 0 0 
CONSTRUCT SET CLOSE 
CONSTRUCT SET OPEN BOUTOP 
GEOMETRY COPY S25 S25T TRANSLATE 0 0 0 
CONSTRUCT SET CLOSE 
!-----------------------------------! 
!SPECIFICATION OF ELEMENTS & MESHING! 
!-----------------------------------!  
MESHING TYPES B1 HE20 CHX60 
MESHING DIVISION BODY B1 22 4 20 
MESHING TYPES B2 IS88 CQ48I BASE S16 
MESHING DIVISION BODY B2 22 20 1 
MESHING TYPES B3 HE20 CHX60 
MESHING DIVISION BODY B3 22 2 20 
MESHING TYPES B4 IS88 CQ48I BASE S19 
MESHING DIVISION BODY B4 22 20 1 
MESHING TYPES B5 HE20 CHX60 
MESHING DIVISION BODY B5 22 6 20 
MESHING GENERATE 
MESHING TYPES BOUBOT BQ4HT 
MESHING DIVISION SURFACE S11B 11 10 
MESHING GENERATE 
MESHING TYPES BOUTOP BQ4HT 
MESHING DIVISION SURFACE S25T 11 10 
MESHING GENERATE 
MESHING RENUMBER GLOBAL XYZ 
MESHING MERGE ALL 0.000001 
vIEW MESH 
EYE FRAME 
!------------------------------------! 
!SPECIFICATION OF MATERIAL PROPERTIES! 
!------------------------------------!  
PROPERTY MATERIAL MCON FLOW ISOTROP 1.0E-3 1.68E-3 
PROPERTY MATERIAL MCON ELASTIC ISOTROP 20915.32 0.2 
PROPERTY MATERIAL MCON MASS DENSITY 2000E-9  
PROPERTY MATERIAL MCON THERCONC ISOTROP 8.000E-6 0.0 
PROPERTY MATERIAL MCON EXTERNAL EXTERNAL "CONCRETE.dat" 
PROPERTY MATERIAL MSTE FLOW ISOTROP 5.33E-2 3.45E-3 
PROPERTY MATERIAL MSTE ELASTIC ISOTROP 210000 0.3 
PROPERTY MATERIAL MSTE EXTERNAL EXTERNAL "STEEL.dat" 
PROPERTY MATERIAL MINT FLOW ISOTROP 1.0E-3 1.68E-3 
PROPERTY MATERIAL MINT ELASTIC INTERFAC 1000 1.27 
PROPERTY MATERIAL MINT EXTERNAL EXTERNAL "INTERFACE.dat" 
PROPERTY MATERIAL FIRE FLOW BOUNDARY 2.85E-5 
PROPERTY MATERIAL FIRE EXTERNAL EXTERNAL "FIRE.dat" 
PROPERTY MATERIAL AIR FLOW BOUNDARY 2.85E-5 
PROPERTY MATERIAL AIR EXTERNAL EXTERNAL "AIR.dat" 
PROPERTY ATTACH CON MCON 
PROPERTY ATTACH INT MINT 
PROPERTY ATTACH STE MSTE 
PROPERTY ATTACH BOUBOT FIRE 
PROPERTY ATTACH BOUTOP AIR 
!------------------------------------! 
!SPECIFICATION OF BOUNDARY CONDITIONS! 
!------------------------------------!   
CONSTRUCT SET YBON APPEND SURFACES S6 S7 S8 S9 S10  
CONSTRUCT SET XBON APPEND SURFACES S12 S15 S18 S21 S24 
PROPERTY BOUNDARY CONSTRAINT YBON Y 
PROPERTY BOUNDARY CONSTRAINT XBON x 
PROPERTY BOUNDARY CONSTRAINT L1 Z 
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PROPERTY BOUNDARY CONSTRAINT L33 Z 
PROPERTY INITIAL INITEMP ITEMP SLAB 15 
!-----------------! 
!TEMPERATURES LOAD! 
!-----------------!  
CONSTRUCT TCURVE TC1 LIST FILE fireCurve.dat 
PROPERTY LOADS EXTTEMP ETM1 1 BOUBOT 1.0 
PROPERTY ATTACH LOADCASE 1 TCURVE TC1  
CONSTRUCT TCURVE TC2 LIST FILE AirCurve.dat 
PROPERTY LOADS EXTTEMP ETM2 2 BOUTOP 1.0 
PROPERTY ATTACH LOADCASE 2 TCURVE TC2  
!-----------------! 
!WRITE A DATA FILE! 
!-----------------! 
UTILITY WRITE DIANA CARD-TH-AV.DAT 
YES 
SAVE  
YES 
 
Input File for the Structural Thermal Analysis 
 
FEMGEN CARD-BEAM-STRU                 
PROPERTY FE-PROG DIANA HTSTAG_3D   
YES 
!----------------------! 
!SPECIFICATION OF UNITS! 
!----------------------!  
UTILITY SETUP UNITS LENGTH MILLIMETER        
UTILITY SETUP UNITS TEMPER CELSIUS     
UTILITY SETUP UNITS TIME SECOND 
UTILITY SETUP UNITS FORCE NEWTON 
!-------------------------! 
!SPECIFICATION OF GEOMETRY! 
!-------------------------! 
CONSTRUCT SET OPEN FRON 
GEOMETRY POINT COORD P1 0 0 181.7 
GEOMETRY POINT COORD P2 4500 0 181.7  
GEOMETRY POINT COORD P3 4500 0 221.2 
GEOMETRY POINT COORD P4 4500 0 224.2 
GEOMETRY POINT COORD P5 4500 0 224.34 
GEOMETRY POINT COORD P6 4500 0 227.34 
GEOMETRY POINT COORD P7 4500 0 284.2 
GEOMETRY POINT COORD P8 0 0 284.2 
GEOMETRY POINT COORD P9 0 0 227.34  
GEOMETRY POINT COORD P10 0 0 224.34 
GEOMETRY POINT COORD P11 0 0 224.2 
GEOMETRY POINT COORD P12 0 0 221.2 
GEOMETRY SURFACE 4POINTS S1 P1 P2 P3 P12 
GEOMETRY SURFACE 4POINTS S2 P12 P3 P4 P11 
GEOMETRY SURFACE 4POINTS S3 P11 P4 P5 P10 
GEOMETRY SURFACE 4POINTS S4 P10 P5 P6 P9 
GEOMETRY SURFACE 4POINTS S5 P9 P6 P7 P8 
CONSTRUCT SET CLOSE FRON 
CONSTRUCT SPACE TOLERANCE OFF 
GEOMETRY COPY FRON TRANSLATE 0 3000 0 
CONSTRUCT SPACE TOLERANCE ABSOLUTE 0.001 
CONSTRUCT SPACE TOLERANCE ON 
GEOMETRY BODY 2SURFS B1 S1 S6 
GEOMETRY BODY 2SURFS B2 S2 S7 
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GEOMETRY BODY 2SURFS B3 S3 S8 
GEOMETRY BODY 2SURFS B4 S4 S9 
GEOMETRY BODY 2SURFS B5 S5 S10 
CONSTRUCT SET CON APPEND BODIES B1 B5 
CONSTRUCT SET STE APPEND BODIES B3 
CONSTRUCT SET INT APPEND BODIES B2 B4 
CONSTRUCT SET SLAB APPEND BODIES B1 B2 B3 B4 B5 
!BEAM 
GEOMETRY POINT COORD P25 0 3000 0 
GEOMETRY POINT COORD P26 4500 3000 0 
GEOMETRY LINE STRAIGHT L45 P25 P26 
CONSTRUCT SET BEAM APPEND LINES L45 
!-----------------------------------! 
!SPECIFICATION OF ELEMENTS & MESHING! 
!-----------------------------------!  
MESHING TYPES B1 HE20 CHX60 
MESHING DIVISION BODY B1 22 4 20 
MESHING GENERATE 
MESHING TYPES B2 IS88 CQ48I BASE S16 
MESHING DIVISION BODY B2 22 20 1 
MESHING GENERATE 
MESHING TYPES B3 HE20 CHX60 
MESHING DIVISION BODY B3 22 2 20 
MESHING GENERATE 
MESHING TYPES B4 IS88 CQ48I BASE S19 
MESHING DIVISION BODY B4 22 20 1 
MESHING GENERATE 
MESHING TYPES B5 HE20 CHX60 
MESHING DIVISION BODY B5 22 6 20 
MESHING GENERATE 
!--------------------------------------------! 
!TRANSLATE THE INTERFACE SURFACE AND THE BEAM! 
!--------------------------------------------! 
CONSTRUCT TRANSFRM TRANSLATE TR2 P12 P11 
CONSTRUCT TRANSFRM TRANSLATE TR3 P9 P10 
GEOMETRY MOVE S13 TR2 
  yes 
GEOMETRY MOVE S22 TR3 
  yes 
MESHING GENERATE 
MESHING RENUMBER GLOBAL XYZ 
!----! 
!BEAM! 
!----! 
MESHING TYPES BEAM BE3 CL18B 
MESHING DIVISION LINE L45 22 
MESHING GENERATE 
vIEW MESH 
EYE FRAME 
!------------------------------------! 
!SPECIFICATION OF MATERIAL PROPERTIES! 
!------------------------------------!  
PROPERTY MATERIAL MCONB ELASTIC ISOTROP 20915.32 0.2 
PROPERTY MATERIAL MCONB STATNONL CONCBRIT CRACK CONSTA TENSIO5 TAUCRI1 
NONE 2.247 0.07 70.15 3 6.93 0.2 
PROPERTY MATERIAL MCONB EXTERNAL EXTERNAL "CONCRETE.dat" 
PROPERTY MATERIAL MCONT ELASTIC ISOTROP 20915.32 0.2 
PROPERTY MATERIAL MCONT STATNONL CONCBRIT CRACK CONSTA TENSIO5 TAUCRI1 
NONE 2.247 0.07 65.46 3 6.93 0.2 
PROPERTY MATERIAL MCONT EXTERNAL EXTERNAL "CONCRETE.dat" 
PROPERTY MATERIAL MSTE ELASTIC ISOTROP 210000 0.3 
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PROPERTY MATERIAL MSTE EXTERNAL EXTERNAL "STEEL.dat" 
PROPERTY MATERIAL MINT ELASTIC INTERFAC 200 200 
PROPERTY MATERIAL MINT EXTERNAL EXTERNAL "INTERFACE.dat" 
PROPERTY PHYSICAL SEC1 GEOMETRY BEAM CLASSIII ARBITRAR ZONE 141.5 0 
141.5 82.5 151.7 82.5 151.7 0 2.357E+9 
PROPERTY MATERIAL MBEAM ELASTIC ISOTROP 210000 0.3 
PROPERTY MATERIAL MBEAM EXTERNAL EXTERNAL "BEAM.dat" 
PROPERTY ATTACH B1 MCONB 
PROPERTY ATTACH B5 MCONT 
PROPERTY ATTACH INT MINT 
PROPERTY ATTACH STE MSTE 
PROPERTY ATTACH L45 SEC1 
PROPERTY ATTACH BEAM MBEAM 
!------------------------------------! 
!SPECIFICATION OF BOUNDARY CONDITIONS! 
!------------------------------------!   
CONSTRUCT SET YBON APPEND SURFACES S6 S7 S8 S9 S10 
CONSTRUCT SET XBON APPEND SURFACES S12 S15 S18 S21 S24 
!SUPPORT! 
PROPERTY BOUNDARY CONSTRAINT L33 Z 
PROPERTY BOUNDARY CONSTRAINT L1 Z 
PROPERTY BOUNDARY CONSTRAINT P25 Z 
PROPERTY BOUNDARY CONSTRAINT P25 X 
!X sYMMETRY! 
PROPERTY BOUNDARY CONSTRAINT XBON X 
PROPERTY BOUNDARY CONSTRAINT P26 X 
PROPERTY BOUNDARY CONSTRAINT P26 RY 
!rotation in z is fixed in L45! 
!Y sYMMETRY! 
PROPERTY BOUNDARY CONSTRAINT YBON Y 
PROPERTY BOUNDARY CONSTRAINT L45 Y 
PROPERTY BOUNDARY CONSTRAINT L45 RX 
PROPERTY BOUNDARY CONSTRAINT L45 RZ 
!----------------------! 
!SPECIFICATION OF LOADS! 
!----------------------!    
PROPERTY LOADS PRESSURE S25 -.00548 Z 
PROPERTY LOADS FORCE DUMMY 2 P14 -1.E-8 Z 
CONSTRUCT TCURVE TC1 LIST 0. 1.0 9000 1.0 
PROPERTY ATTACH LOADCASE 2 TCURVE TC1 
!-----------------! 
!WRITE A DATA FILE! 
!-----------------! 
UTILITY WRITE DIANA CARD-BEAM-STRU.DAT 
YES 
SAVE  
YES 
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15 APPENDIX E 
FORTRAN SUBROUTINE 
 
 
 
FORTRAN subroutine for simulating the bond-slip-temperature relationship for the 
interface element DIANA. 
 
 
      SUBROUTINE USRIFC( U0, DU, NTRA, AGE0, DTIME, TEMP0, DTEMP, 
     $                   ELEMEN, INTPT, COORD, SE, ITER, USRNAM, 
USRVAL, 
     $                   NUSRVL, USRSTA, NSTATE, USRIND, NINDIC, TRA, 
     $                   STIFF ) 
C$DDOC  PURPOSE: 
C$DDOC    User-supplied interface model 
C$DDOC 
C$DDOC  ARGUMENTS: 
C$DDOC    U0     In    D(NTRA)      - Displacements 
C$DDOC    DU     In    D(NTRA)      - Displacement increments 
C$DDOC    NTRA   In    I            - Number of tractions 
C$DDOC    AGE0   In    D            - Elemnent age 
C$DDOC    DTIME  In    D            - Time increment 
C$DDOC    TEMP0  In    D            - Temperature 
C$DDOC    DTEMP  In    D            - Temperature increment 
C$DDOC    ELEMEN In    I            - Element number 
C$DDOC    INTPT  In    I            - Integration point number 
C$DDOC    COORD  In    D(3)         - Integration point coordinates 
C$DDOC    SE     In    D(NTRA,NTRA) - Linear elastic stiffnes  
C$DDOC    ITER   In    I            - Iteration number 
C$DDOC    USRNAM In    C*6          - User specified name 
C$DDOC    USRVAL In    D(NUSRVL)    - User specified parameters 
C$DDOC    NUSRVL In    I            - Number of user specified 
parameters 
C$DDOC    USRSTA InOut D(NSTATE)    - User specified status variables 
C$DDOC    NSTATE In    I            - Number of user specified status 
variables 
C$DDOC    USRIND InOut D(NINDIC)    - User specified indicators 
C$DDOC    NINDIC In    I            - Number of user specified 
indicators 
C$DDOC    TRA    InOut D(NTRA)      - Tractions 
C$DDOC    STIFF  InOut D(NTRA,NTRA) - Stiffness 
C$DDOC 
C$DDOC  DESCRIPTION: 
C$DDOC    Return updated tractions and tangential stiffness matrix 
C... 
C...    $Author: Fernanda Giroldo 
C...    $Date: 07/08/2007 $ 
C.....................................................................
.. 
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C 
      INTEGER            MTRA,   MLEN 
      PARAMETER        ( MTRA=3, MLEN=100 ) 
C 
      DOUBLE PRECISION L2NORM, UV 
C 
      CHARACTER*6      USRNAM 
      INTEGER          NTRA, NUSRVL, NSTATE, NINDIC, ELEMEN, INTPT, 
     $                 ITER 
      DOUBLE PRECISION U0(NTRA), DU(NTRA), AGE0, DTIME, TEMP0, DTEMP, 
     $                 COORD(3), SE(NTRA,NTRA), USRVAL(NUSRVL), 
     $                 USRSTA(NSTATE), TRA(NTRA), STIFF(NTRA,NTRA) 
      INTEGER          USRIND(NINDIC) 
C 
      INTEGER          ITRA, LENDIS, LENTEM 
      DOUBLE PRECISION U(MTRA), UTMABS, TTMABS, UTABS, TTABS, LODDIR, 
     $                 DT, TEMP, GRAD(2), DISP(MLEN), TEMPER(MLEN), 
     $                 BOND(MLEN*MLEN) 
C 
      IF ( NTRA .GT. MTRA ) CALL PRGERR( 'USRIFC', 1 ) 
C 
C...     UPDATED RELATIVE DISPLACEMENT 
      CALL UVPW( U0, DU, NTRA, U ) 
      TEMP   = TEMP0 + DTEMP 
      UTABS  = L2NORM( U(2), NTRA-1 ) 
      UTMABS = ABS( USRSTA(1) ) 
      TTMABS = ABS( USRSTA(2) ) 
C 
C...     RADIAL BOND-COMPONENT 
      TRA(1) = U(1) * SE(1,1) 
      CALL RMOVE( SE, STIFF, NTRA*NTRA ) 
      USRIND(1) = +1 
C 
C...     TANGENTIAL BOND-COMPONENT 
      LODDIR = UV( U0(2), U(2), NTRA-1 ) 
      IF ( LODDIR .LT. 0.D0 ) THEN 
C...        LOADING, OPPOSITE DIRECTION 
         USRIND(2) = +1 
      ELSE IF ( UTABS .LT. UTMABS ) THEN 
C...        UNLOADING 
         USRIND(2) = -1 
      ELSE 
C...        LOADING 
         USRIND(2) = +1 
      END IF 
C 
      IF (      USRIND(2) .EQ. +1 ) THEN 
C...        LOADING 
C...        GET THE REL. DISPLACEMENTS FROM USRVAL 
         LENDIS = USRIND(3) 
         LENTEM = USRIND(4) 
         CALL RMOVE( USRVAL(1), DISP, LENDIS ) 
C...        GET THE TEMPERATURES FROM USRVAL 
         CALL RMOVE( USRVAL(LENDIS+1), TEMPER, LENTEM ) 
C...        GET THE SHEAR STRESS VALUES FROM USRVAL 
         CALL RMOVE( USRVAL(LENDIS+LENTEM+1), BOND, LENDIS*LENTEM ) 
C...        INTERPOLATION IN A PIECEWISE LINEAR GRID 
         CALL INTER2( UTABS, TEMP, DISP, TEMPER, BOND, LENDIS, LENTEM, 
     $                TTABS, GRAD ) 
         DT = GRAD(1) 
      ELSE IF ( USRIND(2) .EQ. -1 ) THEN 
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C...        SECANT UNLOADING 
         TTABS = ( UTABS / UTMABS ) * TTMABS 
         DT    = TTMABS / UTMABS 
      END IF 
C 
C...     SHEAR TRACTION AND STIFFNESS END OF STEP 
      DO 100, ITRA = 2, NTRA 
         IF ( UTABS .GT. 1.D-20 ) THEN 
            TRA(ITRA) = TTABS * U(ITRA) / UTABS 
         ELSE 
            TRA(ITRA) = SIGN( TTABS, U(ITRA) ) 
         END IF 
         STIFF(ITRA,ITRA) = DT 
  100 CONTINUE 
C 
C...     IF LOADING KEEP REACHED EXTREMA 
      IF ( USRIND(2) .EQ. +1 ) THEN 
         USRSTA(1) = UTABS 
         USRSTA(2) = TTABS 
      END IF 
C 
      END 
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Tgas 16.63 84.21 64.36 61.9 58.95 82.3 213.4 223.7 259.4 353.3 337.2 524.9 722.3 961.7 902.1 833.95 757.64 526.2 394.27 311.72 252.04 201.2
Ts
(oC) 0 600 1200 1320 1800 3000 3600 4200 4800 5400 5520 5880 6000 6120 6240 6720 7080 7560 7920 8280 8640 9000
0 2.85E-05 3.01E-05 2.96E-05 2.95E-05 2.94E-05 3.00E-05 3.44E-05 3.48E-05 3.64E-05 4.17E-05 4.07E-05 5.52E-05 7.86E-05 1.21E-04 1.09E-04 9.62E-05 8.38E-05 5.54E-05 4.44E-05 3.92E-05 3.61E-05 3.39E-05
20 2.89E-05 3.05E-05 3.00E-05 2.99E-05 2.99E-05 3.05E-05 3.50E-05 3.54E-05 3.71E-05 4.24E-05 4.14E-05 5.63E-05 8.00E-05 1.23E-04 1.10E-04 9.79E-05 8.53E-05 5.64E-05 4.52E-05 3.99E-05 3.67E-05 3.45E-05
50 2.96E-05 3.13E-05 3.07E-05 3.07E-05 3.06E-05 3.12E-05 3.60E-05 3.64E-05 3.82E-05 4.37E-05 4.27E-05 5.80E-05 8.23E-05 1.26E-04 1.13E-04 1.00E-04 8.77E-05 5.81E-05 4.66E-05 4.11E-05 3.78E-05 3.54E-05
100 3.09E-05 3.27E-05 3.21E-05 3.21E-05 3.20E-05 3.27E-05 3.78E-05 3.83E-05 4.02E-05 4.61E-05 4.50E-05 6.10E-05 8.64E-05 1.31E-04 1.18E-04 1.05E-04 9.19E-05 6.12E-05 4.91E-05 4.33E-05 3.98E-05 3.72E-05
125 3.16E-05 3.36E-05 3.29E-05 3.29E-05 3.28E-05 3.35E-05 3.89E-05 3.94E-05 4.13E-05 4.74E-05 4.62E-05 6.27E-05 8.85E-05 1.34E-04 1.21E-04 1.08E-04 9.42E-05 6.29E-05 5.05E-05 4.45E-05 4.09E-05 3.83E-05
150 3.24E-05 3.45E-05 3.38E-05 3.38E-05 3.37E-05 3.44E-05 4.00E-05 4.05E-05 4.25E-05 4.88E-05 4.76E-05 6.45E-05 9.08E-05 1.37E-04 1.24E-04 1.10E-04 9.66E-05 6.47E-05 5.20E-05 4.58E-05 4.21E-05 3.94E-05
200 3.43E-05 3.66E-05 3.59E-05 3.58E-05 3.57E-05 3.65E-05 4.25E-05 4.31E-05 4.52E-05 5.19E-05 5.06E-05 6.84E-05 9.58E-05 1.43E-04 1.30E-04 1.16E-04 1.02E-04 6.85E-05 5.53E-05 4.87E-05 4.48E-05 4.19E-05
225 3.54E-05 3.77E-05 3.70E-05 3.69E-05 3.68E-05 3.77E-05 4.39E-05 4.45E-05 4.67E-05 5.36E-05 5.23E-05 7.05E-05 9.84E-05 1.47E-04 1.33E-04 1.19E-04 1.04E-04 7.07E-05 5.71E-05 5.03E-05 4.63E-05 4.32E-05
250 3.65E-05 3.90E-05 3.82E-05 3.81E-05 3.80E-05 3.89E-05 4.54E-05 4.61E-05 4.83E-05 5.54E-05 5.40E-05 7.27E-05 1.01E-04 1.50E-04 1.37E-04 1.22E-04 1.07E-04 7.29E-05 5.90E-05 5.21E-05 4.78E-05 4.47E-05
300 3.91E-05 4.18E-05 4.10E-05 4.09E-05 4.08E-05 4.17E-05 4.88E-05 4.94E-05 5.18E-05 5.93E-05 5.79E-05 7.75E-05 1.07E-04 1.58E-04 1.44E-04 1.29E-04 1.14E-04 7.77E-05 6.31E-05 5.58E-05 5.13E-05 4.80E-05
350 4.21E-05 4.51E-05 4.41E-05 4.40E-05 4.39E-05 4.50E-05 5.25E-05 5.32E-05 5.58E-05 6.37E-05 6.22E-05 8.28E-05 1.14E-04 1.66E-04 1.51E-04 1.36E-04 1.20E-04 8.30E-05 6.77E-05 6.00E-05 5.52E-05 5.17E-05
375 4.37E-05 4.68E-05 4.59E-05 4.58E-05 4.56E-05 4.67E-05 5.46E-05 5.53E-05 5.80E-05 6.61E-05 6.46E-05 8.56E-05 1.17E-04 1.70E-04 1.55E-04 1.40E-04 1.24E-04 8.58E-05 7.02E-05 6.23E-05 5.74E-05 5.37E-05
400 4.55E-05 4.87E-05 4.77E-05 4.76E-05 4.75E-05 4.86E-05 5.67E-05 5.75E-05 6.02E-05 6.86E-05 6.70E-05 8.86E-05 1.21E-04 1.75E-04 1.60E-04 1.44E-04 1.27E-04 8.88E-05 7.28E-05 6.47E-05 5.96E-05 5.59E-05
450 4.94E-05 5.29E-05 5.18E-05 5.17E-05 5.15E-05 5.28E-05 6.15E-05 6.22E-05 6.52E-05 7.40E-05 7.24E-05 9.50E-05 1.28E-04 1.84E-04 1.68E-04 1.52E-04 1.35E-04 9.52E-05 7.84E-05 6.99E-05 6.45E-05 6.05E-05
500 5.37E-05 5.75E-05 5.63E-05 5.62E-05 5.60E-05 5.74E-05 6.67E-05 6.75E-05 7.06E-05 8.00E-05 7.82E-05 1.02E-04 1.36E-04 1.94E-04 1.78E-04 1.61E-04 1.44E-04 1.02E-04 8.46E-05 7.56E-05 7.00E-05 6.57E-05
525 5.61E-05 6.00E-05 5.88E-05 5.87E-05 5.85E-05 5.99E-05 6.95E-05 7.04E-05 7.36E-05 8.32E-05 8.14E-05 1.06E-04 1.41E-04 1.99E-04 1.83E-04 1.66E-04 1.48E-04 1.06E-04 8.79E-05 7.87E-05 7.29E-05 6.85E-05
550 5.86E-05 6.27E-05 6.14E-05 6.13E-05 6.11E-05 6.26E-05 7.25E-05 7.34E-05 7.67E-05 8.65E-05 8.47E-05 1.10E-04 1.45E-04 2.05E-04 1.88E-04 1.71E-04 1.53E-04 1.10E-04 9.14E-05 8.19E-05 7.60E-05 7.15E-05
575 6.13E-05 6.55E-05 6.42E-05 6.40E-05 6.38E-05 6.54E-05 7.56E-05 7.65E-05 7.99E-05 9.00E-05 8.82E-05 1.14E-04 1.50E-04 2.10E-04 1.94E-04 1.76E-04 1.58E-04 1.14E-04 9.50E-05 8.53E-05 7.92E-05 7.45E-05
600 6.40E-05 6.84E-05 6.71E-05 6.69E-05 6.67E-05 6.83E-05 7.89E-05 7.98E-05 8.33E-05 9.37E-05 9.18E-05 1.18E-04 1.55E-04 2.16E-04 1.99E-04 1.81E-04 1.63E-04 1.18E-04 9.88E-05 8.89E-05 8.26E-05 7.78E-05
650 7.00E-05 7.48E-05 7.33E-05 7.31E-05 7.29E-05 7.46E-05 8.59E-05 8.69E-05 9.06E-05 1.02E-04 9.95E-05 1.27E-04 1.65E-04 2.29E-04 2.11E-04 1.92E-04 1.73E-04 1.27E-04 1.07E-04 9.64E-05 8.98E-05 8.47E-05
700 7.66E-05 8.17E-05 8.02E-05 8.00E-05 7.97E-05 8.16E-05 9.35E-05 9.46E-05 9.85E-05 1.10E-04 1.08E-04 1.36E-04 1.76E-04 2.42E-04 2.23E-04 2.04E-04 1.85E-04 1.37E-04 1.16E-04 1.05E-04 9.77E-05 9.23E-05
750 8.39E-05 8.93E-05 8.76E-05 8.74E-05 8.72E-05 8.92E-05 1.02E-04 1.03E-04 1.07E-04 1.19E-04 1.17E-04 1.47E-04 1.88E-04 2.55E-04 2.37E-04 2.17E-04 1.97E-04 1.47E-04 1.25E-04 1.14E-04 1.06E-04 1.01E-04
800 9.18E-05 9.76E-05 9.58E-05 9.56E-05 9.53E-05 9.74E-05 1.11E-04 1.12E-04 1.16E-04 1.29E-04 1.27E-04 1.58E-04 2.01E-04 2.70E-04 2.51E-04 2.31E-04 2.10E-04 1.58E-04 1.35E-04 1.23E-04 1.16E-04 1.10E-04
850 1.00E-04 1.07E-04 1.05E-04 1.04E-04 1.04E-04 1.06E-04 1.21E-04 1.22E-04 1.26E-04 1.40E-04 1.37E-04 1.70E-04 2.14E-04 2.86E-04 2.66E-04 2.45E-04 2.24E-04 1.70E-04 1.46E-04 1.34E-04 1.26E-04 1.19E-04
Time (sec)
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T
(oC) 0 0.005 0.01 0.1 0.5 1 1.2 1.3 1.4 1.5 2 2.5 3 3.2 3.5 4 4.5 5 6 8 12 25 50 100
0 0.00E+00 8.22E-03 1.64E-02 1.64E-01 8.22E-01 1.64E+00 1.97E+00 2.14E+00 2.30E+00 2.46E+00 3.29E+00 3.88E+00 3.61E+00 3.50E+00 3.34E+00 3.06E+00 2.79E+00 2.51E+00 1.96E+00 1.72E+00 1.70E+00 1.63E+00 1.50E+00 1.24E+00
20 0.00E+00 8.22E-03 1.64E-02 1.64E-01 8.22E-01 1.64E+00 1.97E+00 2.14E+00 2.30E+00 2.46E+00 3.29E+00 3.88E+00 3.61E+00 3.50E+00 3.34E+00 3.06E+00 2.79E+00 2.51E+00 1.96E+00 1.72E+00 1.70E+00 1.63E+00 1.50E+00 1.24E+00
100 0.00E+00 7.55E-03 1.51E-02 1.51E-01 7.55E-01 1.51E+00 1.81E+00 1.96E+00 2.11E+00 2.27E+00 3.02E+00 2.77E+00 2.42E+00 2.28E+00 2.07E+00 1.72E+00 1.37E+00 1.01E+00 8.90E-01 8.82E-01 8.65E-01 8.10E-01 7.03E-01 4.90E-01
150 0.00E+00 7.55E-03 1.51E-02 1.51E-01 7.55E-01 1.51E+00 1.81E+00 1.96E+00 2.11E+00 2.27E+00 3.02E+00 2.77E+00 2.42E+00 2.28E+00 2.07E+00 1.72E+00 1.37E+00 1.01E+00 8.90E-01 8.82E-01 8.65E-01 8.10E-01 7.03E-01 4.90E-01
200 0.00E+00 7.55E-03 1.51E-02 1.51E-01 7.55E-01 1.51E+00 1.81E+00 1.96E+00 2.11E+00 2.27E+00 3.02E+00 2.77E+00 2.42E+00 2.28E+00 2.07E+00 1.72E+00 1.37E+00 1.01E+00 8.90E-01 8.82E-01 8.65E-01 8.10E-01 7.03E-01 4.90E-01
250 0.00E+00 6.13E-03 1.23E-02 1.23E-01 6.13E-01 1.23E+00 1.47E+00 1.59E+00 1.72E+00 1.72E+00 1.48E+00 1.24E+00 1.00E+00 9.05E-01 8.49E-01 8.48E-01 8.46E-01 8.45E-01 8.41E-01 8.35E-01 8.22E-01 7.80E-01 7.00E-01 5.39E-01
300 0.00E+00 6.13E-03 1.23E-02 1.23E-01 6.13E-01 1.23E+00 1.47E+00 1.59E+00 1.72E+00 1.72E+00 1.48E+00 1.24E+00 1.00E+00 9.05E-01 8.49E-01 8.48E-01 8.46E-01 8.45E-01 8.41E-01 8.35E-01 8.22E-01 7.80E-01 7.00E-01 5.39E-01
350 0.00E+00 6.13E-03 1.23E-02 1.23E-01 6.13E-01 1.23E+00 1.47E+00 1.59E+00 1.72E+00 1.72E+00 1.48E+00 1.24E+00 1.00E+00 9.05E-01 8.49E-01 8.48E-01 8.46E-01 8.45E-01 8.41E-01 8.35E-01 8.22E-01 7.80E-01 7.00E-01 5.39E-01
400 0.00E+00 6.13E-03 1.23E-02 1.23E-01 6.13E-01 1.23E+00 1.47E+00 1.59E+00 1.72E+00 1.72E+00 1.48E+00 1.24E+00 1.00E+00 9.05E-01 8.49E-01 8.48E-01 8.46E-01 8.45E-01 8.41E-01 8.35E-01 8.22E-01 7.80E-01 7.00E-01 5.39E-01
450 0.00E+00 3.41E-03 6.82E-03 6.82E-02 3.41E-01 6.82E-01 8.19E-01 8.87E-01 9.55E-01 1.02E+00 9.19E-01 7.81E-01 6.42E-01 5.86E-01 5.03E-01 4.95E-01 4.95E-01 4.94E-01 4.92E-01 4.89E-01 4.83E-01 4.63E-01 4.25E-01 3.49E-01
500 0.00E+00 3.41E-03 6.82E-03 6.82E-02 3.41E-01 6.82E-01 8.19E-01 8.87E-01 9.55E-01 1.02E+00 9.19E-01 7.81E-01 6.42E-01 5.86E-01 5.03E-01 4.95E-01 4.95E-01 4.94E-01 4.92E-01 4.89E-01 4.83E-01 4.63E-01 4.25E-01 3.49E-01
550 0.00E+00 3.41E-03 6.82E-03 6.82E-02 3.41E-01 6.82E-01 8.19E-01 8.87E-01 9.55E-01 1.02E+00 9.19E-01 7.81E-01 6.42E-01 5.86E-01 5.03E-01 4.95E-01 4.95E-01 4.94E-01 4.92E-01 4.89E-01 4.83E-01 4.63E-01 4.25E-01 3.49E-01
600 0.00E+00 3.41E-03 6.82E-03 6.82E-02 3.41E-01 6.82E-01 8.19E-01 8.87E-01 9.55E-01 1.02E+00 9.19E-01 7.81E-01 6.42E-01 5.86E-01 5.03E-01 4.95E-01 4.95E-01 4.94E-01 4.92E-01 4.89E-01 4.83E-01 4.63E-01 4.25E-01 3.49E-01
650 0.00E+00 9.75E-04 1.95E-03 1.95E-02 9.75E-02 1.95E-01 2.34E-01 2.53E-01 2.73E-01 2.92E-01 3.09E-01 3.09E-01 3.08E-01 3.07E-01 3.07E-01 3.06E-01 3.05E-01 3.04E-01 3.03E-01 3.00E-01 2.93E-01 2.69E-01 2.13E-01 1.00E-01
700 0.00E+00 9.75E-04 1.95E-03 1.95E-02 9.75E-02 1.95E-01 2.34E-01 2.53E-01 2.73E-01 2.92E-01 3.09E-01 3.09E-01 3.08E-01 3.07E-01 3.07E-01 3.06E-01 3.05E-01 3.04E-01 3.03E-01 3.00E-01 2.93E-01 2.69E-01 2.13E-01 1.00E-01
750 0.00E+00 9.75E-04 1.95E-03 1.95E-02 9.75E-02 1.95E-01 2.34E-01 2.53E-01 2.73E-01 2.92E-01 3.09E-01 3.09E-01 3.08E-01 3.07E-01 3.07E-01 3.06E-01 3.05E-01 3.04E-01 3.03E-01 3.00E-01 2.93E-01 2.69E-01 2.13E-01 1.00E-01
800 0.00E+00 9.75E-04 1.95E-03 1.95E-02 9.75E-02 1.95E-01 2.34E-01 2.53E-01 2.73E-01 2.92E-01 3.09E-01 3.09E-01 3.08E-01 3.07E-01 3.07E-01 3.06E-01 3.05E-01 3.04E-01 3.03E-01 3.00E-01 2.93E-01 2.69E-01 2.13E-01 1.00E-01
850 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
900 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
950 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
1000 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
1050 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
1100 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
1150 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
1200 0.00E+00 8.50E-04 1.70E-03 1.70E-02 8.50E-02 1.70E-01 2.04E-01 2.21E-01 2.38E-01 2.50E-01 2.49E-01 2.49E-01 2.48E-01 2.48E-01 2.48E-01 2.47E-01 2.47E-01 2.46E-01 2.45E-01 2.43E-01 2.39E-01 2.21E-01 1.78E-01 9.00E-02
Displacement (mm)
